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BEPC	II	and	BESIII

Linac
Storage	ring

CounAng	room:	
where	I	take	shiPs

BESIII	detector
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BEPC	II	
(Beijing	Electron-Positron	Collider	II)

- Double	ring	collider.	

- OperaAng	since	2008.	

- Ebeam	=	1-2.3	GeV.  
OpAmal	@	1.89	GeV.  
 
 
 

- Can	fill	up	to	93	bunches	in	each	ring	w/	max	current	of	0.9A.	

- Designed	luminosity	=	1×1033	cm-2s-1	was	achieved	in	April	2016!

The	BESIII	detector

Compton	backscabering  
to	measure	Ebeam
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BESIII	detector
- A	powerful	general	purpose	detector.	
- Excellent	neutral/charged	parAcle	detecAon/idenAficaAon	with	a	large	coverage.	
✓		Precision	tracking	
✓		CsI	calorimeter	
✓		PID	via	dE/dx	&	Time	of	Flight

Magnet:	1T	Super	conducAng

TOF
BTOF: two layers
ETOF: 48 scintillators for each

MRPC --- new ETOF

5

BESIII Detector
MDC

R inner: 63mm ;
R outer: 810mm
Length: 2582 mm
Layers: 43

CsI(Tl) EMC

Crystals: 28 cm(15 X0)
Barrel: |cosT|<0.83
Endcap:

0.85 < |cosT| < 0.93

RPC MUC

BMUC: 9 layers – 72 modules
EMUC: 8 layers – 64 modules

MDC:	small	cell	&	Gas: 
He/C3H8	(60/40),	43	layers	
σp/p=0.5%@1GeV,	σdEdx=6%

TOF
BTOF: two layers
ETOF: 48 scintillators for each

MRPC --- new ETOF
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BESIII Detector
MDC

R inner: 63mm ;
R outer: 810mm
Length: 2582 mm
Layers: 43

CsI(Tl) EMC

Crystals: 28 cm(15 X0)
Barrel: |cosT|<0.83
Endcap:

0.85 < |cosT| < 0.93

RPC MUC

BMUC: 9 layers – 72 modules
EMUC: 8 layers – 64 modules

EMCAL:	CsI(Tl)	crystal	
ΔE/E=2.5	@1GeV

Time	of	Flight	
σT=100ps	in	Barrel	
110ps	in	Endcap

MUC:	9	layers	RPC  
(8	layers	in	Endcap)	
σRΦ=1.4~1.7cm
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e+e-	annihilaAon	samples	
taken	Ecm	from	~2	GeV	up	to	~4.6	GeV

10 years data taking at BESIII
Data sets collected so far include

10⇥ 109 J/y events

448⇥ 106 y0 events

scan data between
2.0 and 3.08 GeV,
and above 3.735 GeV

large datasets for XYZ studies

Unique data sets for open charm:

p
s / GeV L/ fb�1

3.77 2.93 DD
4.008 0.48 DD⇤, y(4040), D+

s D
�
s

4.18 3.2 DsD⇤
s

4.6 0.59 L+
c L̄�

c

BESIII Future Plans | W. Gradl | 8
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	ND0D0	=	(10,597±28±98)×103 
ND+D-	=	(8,296±31±65)×103	

produced

	NΛcΛoc	=	(105.9±4.8±0.5)×103	
produced

	NDs*Ds	~	3M	produced
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Typical	analysis	method	to	measure	BF

-	In	our	sample,	D(s)	mesons	(and	Λc)	are	produced	in	pair: 
			@	Ecm	=	3773	MeV	:	e+e-	➝	DDo  
			@	Ecm	=	4178	MeV	:	e+e-	➝	Ds*Ds	(subsequently	Ds*	➝	(γ/π0)	Ds) 
				@	Ecm	=	4600	MeV	:	e+e-	➝	ΛcΛoc.	

-	Reconstruct	one	of	the	D(s)	(tag),	  
			you	know	there	must	be	the	other	D(s)	(signal), 
			allowing	measurements	of	absolute	BFs,  
			without	the	knowledge	of	data	size	or		ND	produced.  
 
			I.e.,	BF(Ds➝KKπ)	=	[B(Ds➝tag)×	BF(Ds➝KKπ)]/BF(Ds➝tag) 
																																			=	[Double	Tag	yields]/[Single	Tag	yields].  
 
			SystemaAcs	associated	with	the	reconstrucAon	of	Ds➝tag 
			also	tend	to	be	canceled	in	this	raAo.
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Or	one	could	solve	for	ND	produced

- In	e+e-	➝	DDo	events,	where	D	➝	X	and	Do	➝	Y,  
let	BF(D	➝	X)	=	Nx/(εx·NDDo)																									:	Single			Tag	(ST) 
						BF(Do	➝	Y)	=	Ny/(εy·NDDo)																									:	Single			Tag	(ST) 
						BF(D	➝	X)×	BF(Do	➝	Y)	=	Nxy/(εxy·NDDo)	:	Double	Tag	(DT) 
Solving	for	the	common	factor,	  
																												NDDo	=	[Nx·Ny/Nxy]×[εxy/(εx·εy)].  
The	resultant	NDDo	can	be	used	to	normalize	signal	yields,	where	
only	single	D	is	reconstructed	(useful	method	when	staAsAcally	
limited),	to	obtain	an	absolute	BF.	

- Or	with	the	measured	integrated	luminosity	at	Ecm	=	3773	MeV, 
L	=	2920	|-1	(Chin.Phys.C37,	123001	(2013)),  
an	observed	cross	secAon	is	readily	obtained: 
																																															σ	=	NDD̅/L.  



      DPF 2019         JUL/2019Hajime Muramatsu !9

σ(e+e-	➝	DDo)	at	Ecm	=	3.773	GeV
- Such	analysis	was	published	in	CPC,	which	allows	author	names	  
printed	in	Chinese	characters! 
 

- In	this	analysis,	Nx	and	Ny	are	extracted	by	fi}ng	to	MBC		(with	cut	on	ΔE)	

- Extract	Nxy	by	fi}ng	to	a	2D;	MBCy		v.s.	MBCx	.	

- Two	popular	variables:	
- Beam-Constrained-Mass;	MBC	=	√(Ebeam2	-	|	p⃗D|2) 

	p⃗D	is	a	reconstructed	D	3-momentum.	

‣ Its	resoluAon	is	typically	dominated	by	the	spread	in	Ebeam  
(i.e.,	independent	of	final	states	of	D).	

- ∆E	=	ED	-	Ebeam	

‣ Almost	independent	of	the	measured	MBC.

Measurement of e+e�!DD̄ Cross Sections at the  (3770) Resonance *
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σ(e+e-	➝	DDo)	at	Ecm	=	3.773	GeV

Table 2. Single-tag yields after subtracting their corresponding peaking backgrounds from data and e�ciencies
from MC, as described in the text. The uncertainties are statistical only.

Tag mode Yield E�ciency (%) Tag mode Yield E�ciency (%)

D0 !K�⇡+ 260,915 ± 520 63.125 ± 0.007 D̄0 !K+⇡� 262,356 ± 522 64.272 ± 0.006

D0 !K�⇡+⇡0 537,923 ± 845 35.253 ± 0.007 D̄0 !K+⇡�⇡0 544,252 ± 852 35.761 ± 0.007

D0 !K�⇡+⇡+⇡� 346,583 ± 679 38.321 ± 0.007 D̄0 !K+⇡+⇡�⇡� 351,573 ± 687 39.082 ± 0.007

D+ !K�⇡+⇡+ 391,786 ± 653 50.346 ± 0.005 D� !K+⇡�⇡� 394,749 ± 656 51.316 ± 0.005

D+ !K�⇡+⇡+⇡0 124,619 ± 529 26.138 ± 0.014 D� !K+⇡�⇡�⇡0 128,203 ± 539 26.586 ± 0.015

D+ !K0
S⇡

+ 48,185 ± 229 36.726 ± 0.008 D� !K0
S⇡

� 47,952 ± 228 36.891 ± 0.008

D+ !K0
S⇡

+⇡0 114,919 ± 471 20.687 ± 0.011 D� !K0
S⇡

�⇡0 116,540 ± 472 20.690 ± 0.011

D+ !K0
S⇡

+⇡+⇡� 63,018 ± 421 21.966 ± 0.019 D� !K0
S⇡

+⇡�⇡� 62,982 ± 421 21.988 ± 0.019

D+ !K+K�⇡+ 34,416 ± 258 41.525 ± 0.042 D� !K+K�⇡� 34,434 ± 257 41.892 ± 0.042

After the two-dimensional fit is performed, the MBC

histogram is integrated within the same signal region as
the single-tag fits, and the integrals of the four back-
ground shapes are subtracted from this total. The re-
sultant double-tag yields and e�ciencies, which include
branching fractions for ⇡0 ! �� and K0

S !⇡+⇡� decays,
are summarized in Tables 3 and 4.

We must correct the yields determined with the MBC

fits (data and MC) for contributions from background
processes that peak in the signal region. Such back-
grounds come from other D decays with similar kine-
matics and particle compositions as the specific signal
mode. We rely on MC, generated with world-average
branching fractions [1], to determine the fraction of peak-
ing background events, as well as to calculate their se-
lection e�ciencies. We apply MC-determined correc-
tions for these in every case where more than 0.01% of
the fitted yield is attributable to peaking background.
The largest contribution of peaking background is for
D+ ! K0

S⇡
+⇡+⇡�, approximately 2.5% of the fitted

yield. D0 !K�⇡+⇡+⇡� and D+ !K0
S⇡

+⇡0 both have
⇠ 2.0% of their fitted yields from peaking backgrounds,
and all other modes have less than 1.0%. Because the
peaking backgrounds come from well understood pro-
cesses, like doubly Cabibbo-suppressed modes, simulta-
neous misidentification of both a pion and a kaon in an
event, and charged pion pairs not from K0

S decays that
pass theK0

S invariant mass requirement, we are confident
that they are well modeled by the MC.

The analysis described above results in a set of mea-
sured values of NDD̄ij , the number of DD̄ events deter-
mined with the single- and double-tag yields of positive
tag mode i and negative tag mode j. The uncertainties
are highly mode dependent because of branching frac-
tions, e�ciencies and backgrounds, so these measure-
ments must be combined into an uncertainty-weighted
mean taking into account correlations within and be-
tween the mode-specific measurements. We use an ana-
lytic procedure for this and demonstrated its reliability
with a toy MC study.
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Fig. 4. (color online) Example two-dimensional
MBC double-tag fit from data as described in the
text, for tag mode K+⇡�⇡� vs. K�⇡+⇡+⇡0.
The top left figure is a scatter plot of the data and
the top right is a scatter plot of the fit to the data.
The bottom two plots are overlays of data and the
fit projected onto the positive and negative charm
MBC axes. The red dashed (blue solid) lines rep-
resent the total fits (the fitted signal shapes) and
the solid green curves are the fitted background
shapes. The magenta curve corresponds to the
case when D� ! K+⇡�⇡� is reconstructed cor-
rectly, while D+ !K�⇡+⇡+⇡0 is not.

For our full 2.93 fb�1  (3770) data sample we find
ND0D̄0 =(10,621±29)⇥103 and ND+D� =(8,296±31)⇥
103. Using the integrated luminosity from Ref. [8], we
obtain observed cross sections for DD̄ production at the
 (3770) of �(e+e� ! D0D̄0) = (3.623± 0.010) nb and
�(e+e� ! D+D�) = (2.830± 0.011) nb. Here, the un-
certainties are statistical only. The summed �2 values

8

modes that have similar final states to the signal mode
are included in the signal shape, although the yields are
corrected after the fit to count only true signal events.

An example MBC fit is shown in Fig. 2. (The full set
of fits is provided in the Appendix.) In events with mul-
tiple single-tag candidates, the best candidate is chosen
per mode and per charm to be the one with the small-
est |�E|. Based on the fit results tight mode-dependent
requirements on �E are applied. To determine the tag
yield, the MBC histogram is integrated within the signal
region, 1.8580 GeV/c2  MBC  1.8740 GeV/c2 for D0

modes and 1.8628 GeV/c2  MBC  1.8788 GeV/c2 for
D+ modes, and then the analytic integral of the ARGUS
function in this region is subtracted. The e�ciency for
each of the 18 single-tag modes is found by using MC
truth information to determine the total number gener-
ated for the denominator and using the same cut-and-
count method as used for data to determine the numer-
ator. The single-tag yields and e�ciencies are summa-
rized in Table 2, where the e�ciencies include branching
fractions for ⇡0 ! �� and K0

S !⇡+⇡� decays.
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Fig. 2. (color online) MBC fit for single-tag mode
D+ ! K�⇡+⇡+⇡0, from data. Blue dash-dot
(green dashed) line represents the total fit (the
fitted background shape) and the red solid curve
corresponds to the fitted signal shape.

Double tags are fully reconstructed events in which
both theD and the D̄ pass the selection criteria for one of
the tag modes. In events with multiple double-tag can-
didates, the best candidate per mode combination per
event is chosen with the [MBC(D)+MBC(D̄)]/2 closest to
the known D mass. Following a procedure similar to the
single-tag counting, we fit the two-dimensional distribu-
tion of MBC(D̄) vs. MBC(D) for the selected single-tag
modes to define the signal region for a cut-and-count
determination of the double-tag yield. A more sophisti-
cated treatment of the background is required because
of the correlations between the tags. The signal shape is

again derived from MC, using truth information and in-
cluding peaking backgrounds with the signal. We found
that convolving the MC shape with smearing functions to
account for the small data/MC resolution di↵erence did
not appreciably improve the accuracy of the tag yields,
so no signal smearing is included in the double-tag fits.

The background shapes in the double-tag fits cor-
respond to four possible ways of mis-reconstructing an
event, as shown in Fig. 3. A direct product of a MC-
derived signal shape with an analytic ARGUS function
background, with shape parameters fixed to those of
the corresponding single-tag fit, is used to represent the
background contributed by events with a correctly re-
constructed D and incorrectly reconstructed D̄. The
background shape for the charm-conjugate case is sim-
ilarly constructed. For completely reconstructed con-
tinuum events or fully reconstructed but mispartitioned
DD̄ events (with particles assigned incorrectly to the D
and D̄), a direct product of a double-Gaussian function
and an ARGUS function rotated by 45� is used. The
kinematic limit and exponent parameters of the rotated
ARGUS function are fixed, while the slope parameter
is allowed to be free in the fit. Finally, the remaining
background events with neither D nor D̄ correctly re-
constructed are modeled with a direct product of two
ARGUS functions, with parameters taken from the cor-
responding single-tag fits. An example fit to data is
shown in Fig. 4. (The full set of fits is provided in the
Appendix.)

Fig. 3. (color online) The two-dimensional MBC

plane divided into regions dominated by signal
and various backgrounds. These regions represent
the shapes used in the double-tag fitting method
and sideband corrections described in the text.

7

ST:	D+➝K-π+π+π0 DT:	D+➝K-π+π+π0	and	D-➝K+π-π-

- Averaging	the	resultant	cross	secAons	  
over	different	decay	modes	(X	and	Y),	we	have; 
														σ(e+e-	➝	D0Do0)	=	3.615±0.010	(stat.)±0.038	nb  
														σ(e+e-	➝	D+D-)	=	2.830±0.011	(stat.)±0.026	nb.  
And 
														ND0D0	=	(10,597±28±98)×103 
														ND+D-	=	(8,296±31±65)×103.
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-Two	body	decays	of	D	and	Ds.	

-Three	body	decays	of	D	and	Ds.	

-Λc	decays.

Today,	I	report	some	of	our	resent	results	in:
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Two-body	decays

!12
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- The	only	kinemaAcally	allowed	hadronic	decay,	involving	baryons.	
- Short-distance	contribuAon	is	expected	to	be	small	:	BF	~	10-6 

due	to	the	chiral	suppression	by	a	factor	of	(mπ/mDs)4.  
 
 
 
 
But	long-distance	can	enhance	BF	to	~10-3	(C.H.	Chen,	et	al.	PLB663,	326).  
 
 
 

- First	evidence	was	reported	by	CLEO	with	a	signal	of	13.0±3.6	events 
with	BF	=	(1.30±0.36+0.12-0.16)×10-3	(PRL100,	181802).

C.-H. Chen et al. / Physics Letters B 663 (2008) 326–329 327

Fig. 1. Quark diagram for D+
s → pn̄.

where t = q2 = m2
Ds

. Since the pseudoscalar form factor g pn̄
3 corre-

sponds to a pion pole contribution to the pn̄ axial matrix element,
it follows that

g pn̄
3 (t) = − 4m2

N

t − m2
π

g pn̄
1 (t). (5)

Consequently,

A
(

D+
s → pn̄

)

= G F√
2

V cs V ∗
uda1 f Ds 2mN

(
mπ

mDs

)2

g pn̄
1

(
m2

Ds

)
ūpγ5 vn̄. (6)

The chiral suppression factor of m2
π/m2

Ds
follows from the PCAC

relation, as it should.
There is not much information on the form factor g pn̄

1 at q2 =
m2

Ds
. At q2 = 0 we have g pn̄

1 (0) = −1.27. At large q2, we can reply
on pQCD to consider its asymptotic behavior [6]

g pn̄
1 (t) → 5

3
G p

M(t) + Gn
M(t), (7)

where G p,n
M are the nucleon’s magnetic form factors. A phe-

nomenological fit to the experimental data of nucleon’s elec-
tromagnetic form factors is available in [7] using the following
parametrization:

∣∣G p
M(t)

∣∣ =
(

x1

t2 + x2

t3 + x3

t4 + x4

t5 + x5

t6

)[
ln

t

Q 2
0

]−γ

,

∣∣Gn
M(t)

∣∣ =
(

y1

t2 + y2

t3

)[
ln

t

Q 2
0

]−γ

, (8)

where Q 0 = ΛQCD and γ = 2 + 4
3β = 2.148. Following the best fit

obtained in [7], we find g pn̄
1 (m2

Ds
) ≈ −0.22. Since the relation (7)

holds in the t → ∞ limit, we will allow g pn̄
1 (m2

Ds
) to be varied by

a factor of 2.
For the general baryonic decay amplitude given by

M(D → B1B̄2) = ū1(A + Bγ5)v2, (9)

with A and B corresponding to p-wave parity-violating and s-wave
parity-conserving amplitudes, respectively, the decay rate reads

%
(

D → B1
(
1/2+)

B̄2
(
1/2+))

= pc

4πm2
D

{
|A|2

(
m2

D − (m2 + m1)
2)

+ |B|2
(
m2

D − (m2 − m1)
2)}, (10)

where pc is the c.m. momentum and mi is the mass of the
baryon Bi . Putting everything together, we obtain

B
(

D+
s → pn̄

)
SD =

(
0.4+1.1

−0.3

)
× 10−6, (11)

where use of f Ds = 282 MeV has been made. The theoretical error
is due to the uncertainty in the form factor g pn̄

1 (m2
Ds

).

3. Although the short-distance weak annihilation contributions,
namely, W -exchange and W -annihilation, are small and negligi-
ble based on the helicity suppression argument, it was realized
in 1980s that the long-distance contribution to weak annihilation
in charm decays can be sizable. For example, the observation of
D0 → K̄ 0φ in the middle 1980s gave the first clean evidence of
W -exchange. Hence, the alleviation of the helicity suppression on
W -annihilation may render the decay D+

s → pn̄ detectable.
It has been established that a least model-independent analysis

of heavy meson decays can be carried out in the so-called quark-
diagram approach [8–10]. In the diagrammatic approach, all two-
body nonleptonic weak decays of heavy mesons can be expressed
in terms of six distinct quark diagrams1: T , the color-allowed ex-
ternal W -emission tree diagram; C , the color-suppressed internal
W -emission diagram; E , the W -exchange diagram; A, the W -
annihilation diagram; P , the penguin diagram; and V , the vertical
W -loop diagram. It should be stressed that these quark diagrams
are classified according to the topologies of weak interactions with
all strong interaction effects included and hence they are not Feyn-
man graphs. All quark graphs used in this approach are topological
with all the strong interactions included, i.e., gluon lines are in-
cluded in all possible ways.

As stressed above, topological graphs can provide information
on final-state interactions (FSIs). In general, there are several dif-
ferent forms of FSIs: elastic scattering and inelastic scattering such
as quark exchange, resonance formation, . . . , etc.2 Take the decay
D+

s → pn̄ as an illustration. The topological amplitude A can re-
ceive contributions from final-state rescattering of the tree ampli-
tude T of e.g. D+

s → π+η(′) and the color-suppressed amplitude C
of D+

s → K + K̄ 0 (see Fig. 2). They have the same topology as W -
annihilation. Since these mesonic D+

s decays have branching ratios
of order 10−2, more precisely [12],3

B
(

D+
s → π+η′) = (3.77 ± 0.39)%,

B
(

D+
s → π+η

)
= (1.58 ± 0.21)%,

B
(

D+
s → K + K̄ 0) = (2.98 ± 0.17)%, (12)

it is thus conceivable that B(D+
s → pn̄) induced from final-state

rescattering can reach the level of 10−3. Therefore, even if the short-
distance W -annihilation vanishes, a long-distance W -annihilation can
be induced via final-state rescattering. Historically, it was first pointed
out in [14] that rescattering effects required by unitarity can pro-
duce the reaction D0 → K̄ 0φ, for example, even in the absence
of the W -exchange diagram. Then it was shown in [8] that this
rescattering diagram belongs to the generic W -exchange topology.

Contrary to the B decays, the charmed meson is not heavy
enough to allow for a sensible approach based on the heavy quark
expansion, such as QCD factorization [15], pQCD [16] and soft-
collinear effective theory [17]. Nevertheless, it has some unique
advantages over B physics, namely, many of the topological am-
plitudes, especially W -exchange and W -annihilation, can be ex-
tracted from the data. Various diagrammatic amplitudes have been
inferred from the measured two-body D decays in [19,20]. One of
the important observations one can learn from these analyses is
that the weak annihilation (W -exchange or W -annihilation) am-
plitude is sizable with a large phase relative to the tree amplitude.

1 Historically, the quark-graph amplitudes T ,C,E,A were originally denoted by
A,B,C,D, respectively [8–10].

2 The effects of the nearby resonances on weak annihilation in charm decays have
been discussed in [11].

3 The new CLEO results [12] are smaller than the branching fractions B(D+
s →

π+η′) = (4.7 ± 0.7)%, B(D+
s → π+η) = (2.11 ± 0.35)% and B(D+

s → K + K̄ 0) =
(4.4 ± 0.9)% cited in the Particle Data Group [13].
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2 Introduction1

D+s is the only one in the three ground state charmed mesons (D0, D+, D+s ), which is massive enough2

to decay to a baryon-antibaryon pair. Thus, D+s → pn̄ is the only baryonic decay in three ground state3

charmed mesons. In standard model (SM), short-distance effects for D+s → pn̄ via annihilation through a4

virtual W+ is small (about O−6). However, long-distance effects will enhance to about O−3 via hadronic5

loops [1]. The quark diagrams are shown in Fig. 1. In 2008, CLEO-c reported the first evidence for6

D+s → pn̄ and measured its decay branching fraction to be (1.30± 0.36+0.12
−0.16)× 10−3 by using ∼ 325 pb−1

7

of e+e− annihilation events taken at a center-of-mass energy of around 4170 MeV [2]. By using about8

3.19 f b−1 D∗sDs data collected by the BESIII detector in 2016 [3], we can confirm the existence of9

D+s → pn̄. This can help to study the dynamical enhancement of W-annihilation topology in charm10

decays.11

(a) Short-distance effects

(b) Long-distance effects

Figure 1: Short-distance (up) and long distance (down) contributions to D+s → pn̄. (a) is the W-emission
amplitude of D+s → π+η(′), (b) is the color-suppressed amplitude of D+s → K+K̄0
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- DT:	Reconstruct	all	final	states,  
except	the	neutron: 
Mmiss	=	missing	mass	=	Mneutron.  

- BESIII	confirms	it	is	indeed	large:	  
BF	=	(1.21±0.10±0.05)×10-3	.  

- The	short	distance	dynamics	is	not	the	driven	mechanism.  
The	hadronizaAon	process,	driven	by	nonperturbaAve	dynamics	
determines	the	underlying	physics.

the generic MC samples are summarized in Table I for each
individual ST mode.
The signal Dþ

s → pn̄ and the isolated photon from the
D"

s decay are reconstructed from the remaining tracks and
photons that are not used in the ST D−

s reconstruction.
Exactly one remaining charged track with opposite charge
to the ST D−

s meson and at least one remaining good
photon are required. The charged track is identified as a
proton by requiring LðpÞ ≥ LðKÞ, LðpÞ ≥ LðπÞ and
LðpÞ ≥ 0.001. The angle between this isolated photon
and the nearest charged track is required to be larger
than 10°.
To improve the resolution and the likelihood of associ-

ating the correct photon candidate from the D"
s decay, we

perform a kinematic fit with constraints on the masses of
the ST D−

s , signal Dþ
s , intermediate state D"%

s , and the
initial four-momentum. The two hypotheses, i.e., eþe− →
D"þ

s ðγ þ pn̄ ÞD−
s ðSTÞ or eþe− → Dþ

s ðpn̄ ÞD"−
s ðγ þ STÞ,

are tested, and the one with the smaller fit χ2 is chosen.
In the fit, the antineutron is treated as a missing particle
with unknown mass, thus there are 7 constraints and 4
unknown parameters. The χ2 of the kinematic fit is required
to be less than 200. This requirement retains most of the
signal events, but removes 50% of background. For an
event with more than 1 remaining photon, we try all photon
candidates in the kinematic fit, and the one with the
smallest χ2 is selected. The updated momenta after the
kinematic fit are used in the subsequent analysis. The
resulting mass of the missing particle Mmiss, using all ST
modes, is shown in Fig. 2. A prominent antineutron signal
is visible.
The potential backgrounds are classified into (a) non-D−

s
background and (b) real-D−

s background. The background
(a) is dominated by continuum processes with proton
and antineutron in the final state and can be estimated
with the events in theMtag sideband region (3.5–5.0σ away
from the Ds peak). The correspondingMmiss distribution of

background (a) is shown as the shaded histogram in
Fig. 2. No obvious peak is observed in the vicinity of
the antineutron signal. SinceDþ

s → pn̄ is the only baryonic
decay mode for the Dþ

s meson, no peaking background is
expected for background (b). The properties of the back-
grounds are validated by studying the generic MC samples.
The total DT signal yield is determined by performing

an unbinned maximum likelihood fit to the Mmiss dis-
tribution in Fig. 2, where the signal is described by an
MC-simulated line shape convolved with a Gaussian
function representing the resolution difference between
data and MC simulation; the background is modeled by
an ARGUS function [17]. The fit shown in Fig. 2 returns
193 % 17 Dþ

s → pn̄ signal events. The DT efficiencies
for the individual ST mode are estimated by performing
the same procedure on the generic MC samples, and are

TABLE I. Requirements on Mtag, ST yields, ST and DT detection efficiencies for individual ST modes. The
uncertainties are statistical only. The BFs of π0=η → γγ, K0

S → πþπ−, η0 → πþπ−η and η0 → γπþπ− are not included
in efficiencies.

ST mode MtagðGeV=c2Þ Ni
ST ϵiSTð%Þ ϵiDTð%Þ

K0
SK

− [1.950,1.990] 30364 % 231 46.23 % 0.04 19.12 % 0.95
KþK−π− [1.950,1.985] 133666 % 544 39.67 % 0.02 17.85 % 0.40
K0

SK
−π0 [1.930,1.990] 10425 % 316 15.45 % 0.03 9.39 % 0.81

KþK−π−π0 [1.930,1.990] 37299 % 633 10.46 % 0.01 5.52 % 0.24
K0

SK
þπ−π− [1.950,1.985] 13475 % 350 18.74 % 0.03 10.00 % 0.66

πþπ−π− [1.950,1.985] 34918 % 688 50.32 % 0.03 23.08 % 1.07
π−η [1.930,2.000] 16951 % 222 42.83 % 0.04 23.10 % 1.59
π−π0η [1.920,1.995] 27631 % 785 14.69 % 0.01 9.04 % 0.55
π−η0ðπþπ−ηÞ [1.940,2.000] 8675 % 120 21.51 % 0.04 8.98 % 0.78
π−η0ðγπþπ−Þ [1.945,1.980] 22720 % 524 27.48 % 0.03 13.49 % 1.04
K−πþπ− [1.950,1.985] 15801 % 463 44.82 % 0.04 23.64 % 1.75

tag

FIG. 2. Fit to the Mmiss distribution. The dots with error bars
represent data, the (green) shaded histogram shows the events in
theMtag sideband region. The (red) solid line is the overall fit, the
(violet) dotted line is the signal component, and the (blue) dashed
line is the background component from the fit.

M. ABLIKIM et al. PHYS. REV. D 99, 031101 (2019)

031101-6

Published	in	PRD99,	031101(R)	(2019)
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Ds	➝	ωπ	and		ωK 
based	on	the	4178	data

-ωπ	:	CF	:	Has	seen	by	CLEO	(PRD80,051102)	:	BF	=	(2.1±0.9±0.1)×10-3.	
- ωK:	SCS:	CLEO	(PRD80,051102)	set	an	UL	=	2.4×10-3	@	90%	C.L.  

- Q.	Qin	et	al.	(PRD89,	054006)	predicts	(factorizaAon) 
BF(ωK)	~	0.6×10-3	(with	Acp	~	-0.6×10-3)	or	 
it	could	become	~0.07×10-4	(with	Acp	~	-2.3×10-3)	  
							if	ρ-ω	mixing	is	considered.

- DT	method:	Reconstruct	the	all	final	states.	
- Cut	on	ΔM	=	Msignal-side	-	Mtag-side	to	select	Ds	➝	tag	and	  
and	the	other	Ds	➝	ω	(π/K).	
- Then	project	onto	Mπππ0.
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ProjecAng	onto	Mπππ0	from	the	signal	region	of	ΔM

The BKGI is modeled as the product of Ds background
function and ω background function. The BKGII (BKGIII)
is modeled as the product of the Ds background (signal)
function and ω signal (background) function.
The Ds signal function is constructed as the MC-

simulated shape convolved with a Gaussian function.
This Gaussian function describes the resolution difference
between data and MC simulation. The Ds background
function is a second-order Chebychev polynomial. The
parameters in Ds signal function and Ds background
function are determined in the fit to Msig spectrum of data.
The ω signal function is constructed as a Breit-Wigner
function convolved with a Gaussian function. This con-
volved Gaussian function describes the detector resolution
and its width is fixed to the value determined from a sample
of eþe− → KþK−ω, whose observed yield is greater than
the signal by two orders of magnitude. The ω background
function is described with a second-order Chebychev
polynomial. All parameters in ω signal function and ω
background function are determined by the fit to Mπþπ−π0

spectrum of data, except for the width of Gaussian function
in ω signal function.
From the 2D fits, shown in Fig. 3, we obtain 65.0" 11.6

Dþ
s → ωπþ signal events and 28.5" 7.8 Dþ

s → ωKþ

signal events with statistical significances of 6.7σ and
4.4σ, respectively. With Eq. (1) and the world averaged
BFs of ω → πþπ−π0 and π0 → γγ [8], the BFs are
measured to be: BðDþ

s → ωπþÞ ¼ ð1.77" 0.32Þ × 10−3

and BðDþ
s → ωKþÞ ¼ ð0.87" 0.24Þ × 10−3, where the

uncertainties are statistical. The systematic uncertainties
are estimated and summarized in Table II, where the total
systematic uncertainty is obtained by adding the individual
terms in quadrature.
All the systematic uncertainties due to the selection

criteria come from the differences of the selection efficien-
cies between data and MC simulation. The uncertainties
due to the Mrec requirement and pion-momentum require-
ment are 0.1% and 1.7%, respectively. They are estimated
with a control sample of Dþ

s → πþπ−πþη, η → γγ, with η0

decays removed by requiring the invariant mass of πþπ−η
to be greater than 1.0GeV=c2, where the selection criteria
of η are the same as those used for π0 expect that the γγ
invariant mass window is ½0.490; 0.580' GeV=c2. The
uncertainty due to the K0

S veto is 0.1%, which is estimated
with a control sample of D0 → K0

Sω. The uncertainties for
charged tracks selection are determined to be 0.5%/track
for PID and 1.0%/track for tracking using a control sample
of eþe− → KþK−πþπ−. The uncertainty of the π0

reconstruction efficiency is estimated with a control sample
of eþe− → KþK−πþπ−π0, and is determined to be 1.8%
(1.9%) forDþ

s → ωπþðKþÞ. The uncertainty due to theMC
statistics is 0.6%.
The uncertainties due to the background description

are 4.1% and 4.6% for Ds → ωπþ and Ds → ωKþ,
respectively. They are estimated by narrowing the fit
ranges of Mπþπ−π0 and Msig to ½0.65; 0.90' GeV=c2 and
½1.91; 2.02'GeV=c2, respectively, and replacing the sec-
ond-order Chebychev polynomial in fpolyDs

and fpolyω by a
first-order Chebychev polynomial. The uncertainties due to
the signal description are 3.3% and 5.3% for Ds → ωπþ

and Ds → ωKþ, respectively. They are estimated by
varying the masses and resolutions of the ω and Ds within
their uncertainties [17]. The uncertainty related to ST
yield determination is 1.3%, including the effects from
signal shape, background shape and fit range in the fits
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FIG. 3. The projections of [(a) and (b)] Mπþπ−π0 , and for [(c)
and (d)] Msig for the results of (a,c) Dþ

s → ωπþ and (b,
d) Dþ

s → ωKþ. The dots with error bars are data, the (blue)
solid lines describe the total fits, the (red) dashed lines describe
the signal and the (dark green) dotted, (violet) dash-dotted, and
(black) long dashed lines describe the BKGI, BKGII, and
BKGIII, respectively. The BKGII comes from the non-Ds
processes involving ω. The BKGIII comes from the contributions
of other Dþ

s decays to πþπ−π0πþ and πþπ−π0Kþ final states for
Dþ

s → ωπþ and Dþ
s → ωKþ, respectively.

TABLE II. Relative systematic uncertainties (%) in the BF
measurements.

Source Dþ
s → ωπþ Dþ

s → ωKþ

Mrec requirement 0.1
Momentum requirement on pion 1.7
K0

S veto ( ( ( 0.1
PID of K",π" 1.5 1.5
Tracking of K",π" 3.0 3.0
π0 reconstruction 1.8 1.9
MC statistics 0.6 0.6
Background description 4.1 4.6
Signal description 3.3 5.3
ST yield determination 1.3 1.3
Fit procedure and correlation 2.4
Bðω → πþπ−π0Þ & Bðπ0 → γγÞ 0.8

Total 7.4 8.7

M. ABLIKIM et al. PHYS. REV. D 99, 091101 (2019)

091101-6

- BF(Ds	➝	ωπ)	=	(1.77±0.32±0.13)×10-3	  
Consistent	with	CLEO’s	measurement,	but	more	precise.	

- BF(Ds	➝	ωK)	=	(0.87±0.24±0.08)×10-3	:First	evidence! 
According	to	Qin	et	al.,	this	implies		Acp	~	-0.6×10-3.	and 
negligible	effect	from	ρ-ω	mixing.

ωπ:65.0±11.6	evts	(6.7σ) ωK:28.5±7.8	evts	(4.4σ)

Published	in	PRD	99,	091101	(R)	(2019)
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Ds	➝	KSK	and		KLK	based	on	the	4178	data
- As	in	D➝K0π	and	D➝Ko0π	could	interfere,	 
so	can	the	CF	and	DCS	amplitudes	in	Ds	decays	:	Ds+➝K0K+	and	Ds+➝Ko0K+.	

- Such	interference	effect	could	also	lead	to	CPV	: 
ACP	~	10-3,	predicted	by	D.	Wang	et	al.	(PRL	119,	181802	(2017)).

the generic MC sample by using a kernel density
estimation method (KEYS) [26]. The resolution
function Gðy; μy; σyÞ is the same as that in the signal
PDF.

(iii) BKGII: FBKGIIðx; yÞ ⊗ Gðx; μx; σxÞ
This PDF describes the background composed of

an incorrectly reconstructed ST D−
s recoiling against

a correctly reconstructed signal candidate, which are
distributed in the vertical band in Fig. 2. FBKGIIðx; yÞ
is derived from the distribution of this type of
background in the generic MC sample by using
KEYS. The resolution function Gðx; μx; σxÞ is the
same as that in the signal PDF.

(iv) BKGIII: PBKGIIIðxÞ × PBKGIIIðyÞ
This PDF describes the combinatorial background

composed of events in which neither the ST D−
s nor

signal Dþ
s candidate is correctly reconstructed.

These background events do not have any peaking
components in either variable. Therefore, BKGIII
events are described by two independent second-
order polynomials, PBKGIIIðxÞ and PBKGIIIðyÞ, with
their parameters determined by the fit to data.

The 2D fit gives a signal yield of 1782$ 47, where the
uncertainty is statistical. The MK0

SK
þ and Mtag distributions

for the data, with the projections of the fit results super-
imposed, are shown in Fig. 3. The corresponding DT
detection efficiencies for the individual ST mode, obtained
with the signal MC samples, are summarized in Table II.
Using Eq. (5), the branching fraction is determined to
be BðDþ

s → K0
SK

þÞ ¼ ð1.425$ 0.038stat:Þ%.

C. Branching fraction measurement
of D +

s → K0
LK

+

The Dþ
s → K0

LK
þ candidates are reconstructed by

requiring the event to have only one good track recoiling
against the ST D−

s candidate; the charged track is required
to be identified as a kaon and have opposite charge

compared with ST D−
s . The Kþ is selected with the criteria

described in Sec. III A. We further suppress combinatorial
backgrounds by requiring no additional charged tracks that
satisfy the requirements described in Sec. III B.
In this analysis, the STand signal candidates are assumed

to originate from the decay chain eþe− → D&$
s D∓

s →
γDþ

s D−
s , with one D−

s decaying into any of ST modes,
and the other decaying into K0

LK
þ. We reconstruct the K0

L
candidate using a kinematic fit that applies constraints
arising from the masses of the ST D−

s candidate, the signal
Dþ

s candidate, the intermediate state D&$
s , and the initial

four-momenta of the event. In the kinematic fit, the K0
L

signal candidate is treated as a missing particle whose four-
momentum is determined by the fit. The fit is performed to
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FIG. 3. (a) Distributions of MK0
SK

þ and (b) Mtag, summed over
the 13 tag modes, with the projection of the fit result super-
imposed. The data are shown as the black dots with error bars, the
blue solid line is the total fit projection, the red short-dashed line
is the projection of the signal component, the green long-dashed
line is the projection of the BKGI component, the blue dotted line
is the projection of the BKGII component, and the magenta
dotted-dashed line is the projection of the BKGIII component.
The residual χ between the data and the total fit result, normalized
by the uncertainty, is shown beneath the figures.
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the generic MC sample by using a kernel density
estimation method (KEYS) [26]. The resolution
function Gðy; μy; σyÞ is the same as that in the signal
PDF.

(iii) BKGII: FBKGIIðx; yÞ ⊗ Gðx; μx; σxÞ
This PDF describes the background composed of

an incorrectly reconstructed ST D−
s recoiling against

a correctly reconstructed signal candidate, which are
distributed in the vertical band in Fig. 2. FBKGIIðx; yÞ
is derived from the distribution of this type of
background in the generic MC sample by using
KEYS. The resolution function Gðx; μx; σxÞ is the
same as that in the signal PDF.

(iv) BKGIII: PBKGIIIðxÞ × PBKGIIIðyÞ
This PDF describes the combinatorial background

composed of events in which neither the ST D−
s nor

signal Dþ
s candidate is correctly reconstructed.

These background events do not have any peaking
components in either variable. Therefore, BKGIII
events are described by two independent second-
order polynomials, PBKGIIIðxÞ and PBKGIIIðyÞ, with
their parameters determined by the fit to data.

The 2D fit gives a signal yield of 1782$ 47, where the
uncertainty is statistical. The MK0

SK
þ and Mtag distributions

for the data, with the projections of the fit results super-
imposed, are shown in Fig. 3. The corresponding DT
detection efficiencies for the individual ST mode, obtained
with the signal MC samples, are summarized in Table II.
Using Eq. (5), the branching fraction is determined to
be BðDþ

s → K0
SK

þÞ ¼ ð1.425$ 0.038stat:Þ%.

C. Branching fraction measurement
of D +

s → K0
LK

+

The Dþ
s → K0

LK
þ candidates are reconstructed by

requiring the event to have only one good track recoiling
against the ST D−

s candidate; the charged track is required
to be identified as a kaon and have opposite charge

compared with ST D−
s . The Kþ is selected with the criteria

described in Sec. III A. We further suppress combinatorial
backgrounds by requiring no additional charged tracks that
satisfy the requirements described in Sec. III B.
In this analysis, the STand signal candidates are assumed

to originate from the decay chain eþe− → D&$
s D∓

s →
γDþ

s D−
s , with one D−

s decaying into any of ST modes,
and the other decaying into K0

LK
þ. We reconstruct the K0

L
candidate using a kinematic fit that applies constraints
arising from the masses of the ST D−

s candidate, the signal
Dþ

s candidate, the intermediate state D&$
s , and the initial

four-momenta of the event. In the kinematic fit, the K0
L

signal candidate is treated as a missing particle whose four-
momentum is determined by the fit. The fit is performed to
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FIG. 3. (a) Distributions of MK0
SK

þ and (b) Mtag, summed over
the 13 tag modes, with the projection of the fit result super-
imposed. The data are shown as the black dots with error bars, the
blue solid line is the total fit projection, the red short-dashed line
is the projection of the signal component, the green long-dashed
line is the projection of the BKGI component, the blue dotted line
is the projection of the BKGII component, and the magenta
dotted-dashed line is the projection of the BKGIII component.
The residual χ between the data and the total fit result, normalized
by the uncertainty, is shown beneath the figures.
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select the γ candidate from the decay D!"
s → γD"

s under
two different hypotheses that constrain either the invariant
mass of the selected γ and signal Dþ

s or the selected γ and
the ST D−

s to the nominal mass of the D!−
s meson; the

hypothesis that results in the minimum value of χ2 is
assumed to be the correct topology. If there are multiple
photon candidates, which are not used to reconstruct the ST
candidate, the fit is repeated for each candidate and the
photon that results in the minimum value of the χ2 is
retained for further analysis. For each event, the four-
momentum of the missing particle assumed in the kin-
ematic fit is used to determine the MM2 of the K0

L
candidate. In order to reduce combinatorial background,
χ2 < 40 is required. To further suppress background with
multiple photons, we reject those events with additional
photons which have an energy larger than 250 MeVand an
opening angle with respect to the direction of the missing
particle greater than 15°.
To determine the signal yield, an unbinned maximum

likelihood fit is performed on the MM2 distribution of
selected events from all 13 ST modes combined, as shown
in Fig. 4. In the fit, three components are included: signal,
peaking, and nonpeaking backgrounds. The PDFs of these
components are described below, where x representsMM2.

(i) Signal: FsigðxÞ ⊗ Gðx; μ0x ; σ0xÞ
FsigðxÞ is derived from the signal MC distribution

as a smoothed histogram, and Gðx; μ0x; σ0xÞ is a
Gaussian function that accounts for any resolu-
tion difference between data and MC simulation.

The value of σ0x is fixed in the data fit to the value
obtained from a fit to theMM2 distribution obtained
from a Dþ

s → K0
SK

þ control sample where the K0
S is

ignored in the reconstruction.
(ii) Peaking background: F

K0
SðηÞ

bkg ðxÞ ⊗ Gðx; μ0x; σ0xÞ
F
K0

SðηÞ
bkg ðxÞ is derived from the distribution of

Dþ
s → K0

SK
þ ðDþ

s → ηKþÞ MC simulated events
by using a smoothed histogram. These events form a
peaking background if the K0

S or η is not recon-
structed. Here, Gðx; μ0x; σ0xÞ is the Gaussian resolu-
tion function, whose parameters are the same as
those used in the signal PDF. The expected yields of
Dþ

s → K0
SK

þ and Dþ
s → ηKþ are fixed to 263 and

57, respectively. The expected peaking background
yields are estimated by using the equation
Ndata

MM2 ¼ Ndata
DT × ϵMC

MM2=ϵMC
DT , where Ndata

MM2 is the
number of expected peaking background events
and Ndata

DT is the yield of Dþ
s → K0

SK
þ or Dþ

s →
Kþη selected by using the DT method. Here, ϵMC

MM2

and ϵMC
DT are the detection efficiencies of the nominal

analysis and the DT method for each mode, re-
spectively; these are estimated from MC simulation
samples. The uncertainties of estimated event num-
bers for Dþ

s → K0
SK

þ and Dþ
s → ηKþ are 19 and

12, which will be used in the systematic uncer-
tainty study.

(iii) Nonpeaking background: PðxÞ
PðxÞ is a function to describe the combinatorial

background, which is not expected to peak in the
MM2 distribution. PðxÞ is a second-order polyno-
mial function whose parameters are determined from
the fit to data.

The fit to the MM2 distribution is shown in Fig. 4.
The signal yield determined by the fit is 2349" 61events,
where the uncertainty is statistical. Using Eq. (5), the
branching fraction is calculated to be BðDþ

s → K0
LK

þÞ ¼
ð1.485" 0.039stat:Þ%, where the DT detection efficiencies

ϵ
K0

L
MM2 used are summarized in Table II; the values of ϵK

0
L

MM2

are estimated from signal MC samples.

D. Asymmetry measurement

By using the measured branching fractions and Eq. (1)
the K0

S-K
0
L asymmetry is determined to be

RðDþ
s → K0

S;LK
þÞ ¼ ð−2.1"1.9stat:Þ%: ð7Þ

To determine the direct CP violation, we also measure
the branching fractions for the Dþ

s and D−
s decays sepa-

rately, using the same methodology as the combined
branching fraction measurement. The direct CP asymmetry
is defined as
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FIG. 4. Distribution of MM2 summed over 13 tag modes with
the fit result superimposed. The data are shown as the dots with
error bars, the blue solid line is the total fit result, the red short-
dashed line is the signal component of the fit, the magenta dotted-
dashed line is the component of the peaking background from
Dþ

s → K0
SK

þ decays, the grey dotted line is the component of the
peaking background from Dþ

s → ηKþ decays, and the green
long-dashed line is the nonpeaking background component. The
residual χ between the data and the total fit result, normalized by
the uncertainty, is shown beneath the figures.
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select the γ candidate from the decay D!"
s → γD"

s under
two different hypotheses that constrain either the invariant
mass of the selected γ and signal Dþ

s or the selected γ and
the ST D−

s to the nominal mass of the D!−
s meson; the

hypothesis that results in the minimum value of χ2 is
assumed to be the correct topology. If there are multiple
photon candidates, which are not used to reconstruct the ST
candidate, the fit is repeated for each candidate and the
photon that results in the minimum value of the χ2 is
retained for further analysis. For each event, the four-
momentum of the missing particle assumed in the kin-
ematic fit is used to determine the MM2 of the K0

L
candidate. In order to reduce combinatorial background,
χ2 < 40 is required. To further suppress background with
multiple photons, we reject those events with additional
photons which have an energy larger than 250 MeVand an
opening angle with respect to the direction of the missing
particle greater than 15°.
To determine the signal yield, an unbinned maximum

likelihood fit is performed on the MM2 distribution of
selected events from all 13 ST modes combined, as shown
in Fig. 4. In the fit, three components are included: signal,
peaking, and nonpeaking backgrounds. The PDFs of these
components are described below, where x representsMM2.

(i) Signal: FsigðxÞ ⊗ Gðx; μ0x ; σ0xÞ
FsigðxÞ is derived from the signal MC distribution

as a smoothed histogram, and Gðx; μ0x; σ0xÞ is a
Gaussian function that accounts for any resolu-
tion difference between data and MC simulation.

The value of σ0x is fixed in the data fit to the value
obtained from a fit to theMM2 distribution obtained
from a Dþ

s → K0
SK

þ control sample where the K0
S is

ignored in the reconstruction.
(ii) Peaking background: F

K0
SðηÞ

bkg ðxÞ ⊗ Gðx; μ0x; σ0xÞ
F
K0

SðηÞ
bkg ðxÞ is derived from the distribution of

Dþ
s → K0

SK
þ ðDþ

s → ηKþÞ MC simulated events
by using a smoothed histogram. These events form a
peaking background if the K0

S or η is not recon-
structed. Here, Gðx; μ0x; σ0xÞ is the Gaussian resolu-
tion function, whose parameters are the same as
those used in the signal PDF. The expected yields of
Dþ

s → K0
SK

þ and Dþ
s → ηKþ are fixed to 263 and

57, respectively. The expected peaking background
yields are estimated by using the equation
Ndata

MM2 ¼ Ndata
DT × ϵMC

MM2=ϵMC
DT , where Ndata

MM2 is the
number of expected peaking background events
and Ndata

DT is the yield of Dþ
s → K0

SK
þ or Dþ

s →
Kþη selected by using the DT method. Here, ϵMC

MM2

and ϵMC
DT are the detection efficiencies of the nominal

analysis and the DT method for each mode, re-
spectively; these are estimated from MC simulation
samples. The uncertainties of estimated event num-
bers for Dþ

s → K0
SK

þ and Dþ
s → ηKþ are 19 and

12, which will be used in the systematic uncer-
tainty study.

(iii) Nonpeaking background: PðxÞ
PðxÞ is a function to describe the combinatorial

background, which is not expected to peak in the
MM2 distribution. PðxÞ is a second-order polyno-
mial function whose parameters are determined from
the fit to data.

The fit to the MM2 distribution is shown in Fig. 4.
The signal yield determined by the fit is 2349" 61events,
where the uncertainty is statistical. Using Eq. (5), the
branching fraction is calculated to be BðDþ

s → K0
LK

þÞ ¼
ð1.485" 0.039stat:Þ%, where the DT detection efficiencies

ϵ
K0

L
MM2 used are summarized in Table II; the values of ϵK

0
L

MM2

are estimated from signal MC samples.

D. Asymmetry measurement

By using the measured branching fractions and Eq. (1)
the K0

S-K
0
L asymmetry is determined to be

RðDþ
s → K0

S;LK
þÞ ¼ ð−2.1"1.9stat:Þ%: ð7Þ

To determine the direct CP violation, we also measure
the branching fractions for the Dþ

s and D−
s decays sepa-

rately, using the same methodology as the combined
branching fraction measurement. The direct CP asymmetry
is defined as
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FIG. 4. Distribution of MM2 summed over 13 tag modes with
the fit result superimposed. The data are shown as the dots with
error bars, the blue solid line is the total fit result, the red short-
dashed line is the signal component of the fit, the magenta dotted-
dashed line is the component of the peaking background from
Dþ

s → K0
SK

þ decays, the grey dotted line is the component of the
peaking background from Dþ

s → ηKþ decays, and the green
long-dashed line is the nonpeaking background component. The
residual χ between the data and the total fit result, normalized by
the uncertainty, is shown beneath the figures.
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- BF(Ds+	➝	KSK+)	=	(1.425±0.038±0.031)%,	consistent	with	the	WA.	
- BF(Ds+	➝	KLK+)	=	(1.485±0.039±0.046)%,	1st	measurement.	
- KS/KL	asymmetry,	R	=	 
																																				=	(-2.1±1.9±1.6)%,	consistent	with	zero).	

- 	ACP(Ds➝	KSK)	=	(0.6±2.8±0.6)%	and	ACP(Ds➝	KLK)	=	(-1.1±2.6±0.6)%
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Using an eþe− annihilation data sample corresponding to an integrated luminosity of 3.19fb−1 and
collected at a center-of-mass energy

ffiffiffi
s

p
¼ 4.178 GeV with the BESIII detector, we measure the absolute

branching fractions BðDþ
s → K0

SK
þÞ ¼ ð1.425% 0.038stat: % 0.031syst:Þ% and BðDþ

s → K0
LK

þÞ ¼
ð1.485% 0.039stat: % 0.046syst:Þ%. The branching fraction of Dþ

s → K0
SK

þ is compatible with the world
average and that of Dþ

s → K0
LK

þ is measured for the first time. We present the first measurement of the

K0
S-K

0
L asymmetry in the decays Dþ

s → K0
S;LK

þ, and RðDþ
s → K0

S;LK
þÞ ¼ BðDþ

s →K0
SK

þÞ−BðDþ
s →K0

LK
þÞ

BðDþ
s →K0

SK
þÞþBðDþ

s →K0
LK

þÞ ¼

ð−2.1% 1.9stat: % 1.6syst:Þ%. In addition, we measure the direct CP asymmetries ACPðD%
s →K0

SK
%Þ¼

ð0.6%2.8stat:%0.6syst:Þ% and ACPðD%
s → K0

LK
%Þ ¼ ð−1.1% 2.6stat: % 0.6syst:Þ%.
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momentum-weighted uncertainty of the χ2K0
L

selection

according to theK0
L momentum distribution of signal events

is assigned as the associated systematic uncertainties.
In the analysis of multi-body decays, the detection

efficiency may depend on the kinematic variables of the
final-state particles. The possible difference of the kinematic
variable distribution between data and MC simulation cau-
ses an uncertainty on detection efficiency. For the three-body
decays Dþ → K0

S;LK
þπ0, the nominal efficiencies are

estimated by analyzing an MC sample composed of the
decays Dþ → K"ð892ÞþK̄0, Dþ → K̄"ð892Þ0Kþ, Dþ →
K̄"ð1430Þ0Kþ, and Dþ → K̄"

2ð1430Þ0Kþ. The fractions
of these components are taken from the Dalitz plot analysis
of the charge conjugated decay Dþ → KþK−πþ [16]. The
differences of the nominal efficiencies to those estimated
with an MC sample of their dominant decays of Dþ →
K"ð892ÞþK0

S;L [15] are taken as the systematic uncertainties
due to the MC model.

TABLE III. DTyields in data (NDT) and efficiencies (ϵ) of reconstructing the signal decays, where the uncertainties are statistical only.
The efficiencies include the branching fractions for K0

S → πþπ− and π0 → γγ.

ST mode NDT ϵ (%) ST mode NDT ϵ (%)

D− → K0
SK

− Dþ → K0
SK

þ

Dþ → K−πþπþ 424 % 21 34.76 % 0.43 D− → Kþπ−π− 411 % 21 34.98 % 0.43
Dþ → K−πþπþπ0 122 % 12 34.89 % 0.79 D− → Kþπ−π−π0 133 % 11 35.24 % 0.80
Dþ → K0

Sπ
þ 68 % 9 34.27 % 1.30 D− → K0

Sπ
− 41 % 7 34.34 % 1.30

Dþ → K0
Sπ

þπ0 114 % 11 34.28 % 0.87 D− → K0
Sπ

−π0 112 % 11 33.82 % 0.87
Dþ → K0

Sπ
þπþπ− 57 % 8 33.30 % 1.10 D− → K0

Sπ
−π−πþ 60 % 9 32.32 % 1.10

Dþ → K−Kþπþ 37 % 7 35.27 % 1.50 D− → KþK−π− 39 % 7 36.20 % 1.50

D− → K0
SK

−π0 Dþ → K0
SK

þπ0

Dþ → K−πþπþ 248 % 16 12.00 % 0.20 D− → Kþπ−π− 253 % 17 12.06 % 0.20
Dþ → K−πþπþπ0 65 % 9 10.64 % 0.37 D− → Kþπ−π−π0 71 % 9 11.18 % 0.37
Dþ → K0

Sπ
þ 23 % 5 11.85 % 0.59 D− → K0

Sπ
− 25 % 6 11.98 % 0.58

Dþ → K0
Sπ

þπ0 60 % 8 11.26 % 0.40 D− → K0
Sπ

−π0 63 % 9 12.04 % 0.42
Dþ → K0

Sπ
þπþπ− 29 % 6 10.19 % 0.49 D− → K0

Sπ
−π−πþ 35 % 7 10.76 % 0.49

Dþ → K−Kþπþ 19 % 6 11.15 % 0.64 D− → KþK−π− 22 % 6 11.31 % 0.67

D− → K0
LK

− Dþ → K0
LK

þ

Dþ → K−πþπþ 375 % 21 27.43 % 0.39 D− → Kþπ−π− 343 % 19 27.96 % 0.39
Dþ → K−πþπþπ0 94 % 10 24.24 % 0.69 D− → Kþπ−π−π0 92 % 10 26.50 % 0.70
Dþ → K0

Sπ
þ 40 % 7 27.61 % 1.20 D− → K0

Sπ
− 41 % 7 28.99 % 1.20

Dþ → K0
Sπ

þπ0 89 % 10 25.19 % 0.77 D− → K0
Sπ

−π0 105 % 11 27.93 % 0.78
Dþ → K0

Sπ
þπþπ− 41 % 7 21.87 % 0.99 D− → K0

Sπ
−π−πþ 44 % 7 21.98 % 0.97

Dþ → K−Kþπþ 31 % 6 23.95 % 1.30 D− → KþK−π− 23 % 6 21.79 % 1.20

D− → K0
LK

−π0 Dþ → K0
LK

þπ0

Dþ → K−πþπþ 250 % 17 11.01 % 0.18 D− → Kþπ−π− 241 % 17 11.31 % 0.18
Dþ → K−πþπþπ0 48 % 8 9.20 % 0.32 D− → Kþπ−π−π0 65 % 9 9.17 % 0.32
Dþ → K0

Sπ
þ 23 % 5 10.20 % 0.54 D− → K0

Sπ
− 25 % 6 10.71 % 0.55

Dþ → K0
Sπ

þπ0 58 % 9 8.93 % 0.34 D− → K0
Sπ

−π0 48 % 8 9.53 % 0.35
Dþ → K0

Sπ
þπþπ− 19 % 5 7.94 % 0.44 D− → K0

Sπ
−π−πþ 23 % 6 7.55 % 0.42

Dþ → K−Kþπþ 14 % 5 8.03 % 0.55 D− → KþK−π− 14 % 5 8.71 % 0.57

TABLE IV. The measured branching fractions and CP asymmetries, where the first and second uncertainties are statistical and
systematic, respectively, and a comparison with the world average value [15].

Signal mode BðDþÞ (×10−3) BðD−Þ (×10−3) B̄ (×10−3) B (PDG) (×10−3) ACP (%)

K0
SK

% 2.96 % 0.11 % 0.08 3.07 % 0.12 % 0.08 3.02 % 0.09 % 0.08 2.95 % 0.15 −1.8 % 2.7 % 1.6
K0

SK
% π0 5.14 % 0.27 % 0.24 5.00 % 0.26 % 0.22 5.07 % 0.19 % 0.23 & & & 1.4 % 3.7 % 2.4

K0
LK

% 3.07 % 0.14 % 0.10 3.34 % 0.15 % 0.11 3.21 % 0.11 % 0.11 & & & −4.2 % 3.2 % 1.2
K0

LK
% π0 5.21 % 0.30 % 0.22 5.27 % 0.30 % 0.22 5.24 % 0.22 % 0.22 & & & −0.6 % 4.1 % 1.7
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is calculated. The data-MC differences weighted by the K!

momentum in the decays D! → K0
S;LK

!ðπ0Þ are assigned
as the associated systematic uncertainties.
The π0 reconstruction efficiency is studied by the DT

control sample D0 → K−πþ π0 versus D̄0 → Kþ π− or
D̄0 → Kþ π−π−πþ using the partial reconstruction tech-
nique. The data-MC difference of the π0 reconstruction
efficiencies weighted according to the π0 momentum
distribution in Dþ → K0

S;LK
þ π0 is assigned as the system-

atic uncertainty in π0 reconstruction.
The branching fractions of K0

S → πþ π− and π0 → γγ are
taken from the Particle Data Group [15]. Their uncertainties
are 0.07% and 0.03%, respectively, which are negligible in
these measurements.
As described in Ref. [17], the correction factors of K0

S;L
reconstruction efficiencies are determined with the two
control samples of J=ψ → K%ð892Þ∓K! withK%ð892Þ∓ →

K0
S;Lπ

∓ and J=ψ → ϕK0
S;LK

!π∓ decays. Since the effi-
ciency corrections are imposed in this analysis, the
corresponding statistical uncertainties of the correction
factors, which are weighted according to the K0

S;L momen-
tum in the decays D! → K0

S;LK
!ðπ0Þ, are assigned as the

uncertainty associated with the K0
S;L reconstruction

efficiency.
As described in Ref. [17], in the determination of the

correction factor of the K0
L efficiency, we perform a

kinematic fit to select the K0
L candidate with the minimal

χ2K0
L
and require χ2K0

L
< 100. The uncertainty of the correc-

tion factor associated with the χ2K0
L
cut is determined by

comparing the selection efficiency between data and MC
simulation using the same control samples. The χ2K0

L
require-

ment summarized in Table II brings an uncertainty. The
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FIG. 4. Projections on the variablesMsig
BC andMtag

BC of the two-dimensional fits to the signal candidate, summed over all six ST modes.
Data are shown as the dots with error bars, the green dashed lines are the backgrounds determined by the fit, and the blue curves are the
total fit results.
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is calculated. The data-MC differences weighted by the K!

momentum in the decays D! → K0
S;LK

!ðπ0Þ are assigned
as the associated systematic uncertainties.
The π0 reconstruction efficiency is studied by the DT

control sample D0 → K−πþ π0 versus D̄0 → Kþ π− or
D̄0 → Kþ π−π−πþ using the partial reconstruction tech-
nique. The data-MC difference of the π0 reconstruction
efficiencies weighted according to the π0 momentum
distribution in Dþ → K0

S;LK
þ π0 is assigned as the system-

atic uncertainty in π0 reconstruction.
The branching fractions of K0

S → πþ π− and π0 → γγ are
taken from the Particle Data Group [15]. Their uncertainties
are 0.07% and 0.03%, respectively, which are negligible in
these measurements.
As described in Ref. [17], the correction factors of K0

S;L
reconstruction efficiencies are determined with the two
control samples of J=ψ → K%ð892Þ∓K! withK%ð892Þ∓ →

K0
S;Lπ

∓ and J=ψ → ϕK0
S;LK

!π∓ decays. Since the effi-
ciency corrections are imposed in this analysis, the
corresponding statistical uncertainties of the correction
factors, which are weighted according to the K0

S;L momen-
tum in the decays D! → K0

S;LK
!ðπ0Þ, are assigned as the

uncertainty associated with the K0
S;L reconstruction

efficiency.
As described in Ref. [17], in the determination of the

correction factor of the K0
L efficiency, we perform a

kinematic fit to select the K0
L candidate with the minimal

χ2K0
L
and require χ2K0

L
< 100. The uncertainty of the correc-

tion factor associated with the χ2K0
L
cut is determined by

comparing the selection efficiency between data and MC
simulation using the same control samples. The χ2K0

L
require-

ment summarized in Table II brings an uncertainty. The
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FIG. 4. Projections on the variablesMsig
BC andMtag

BC of the two-dimensional fits to the signal candidate, summed over all six ST modes.
Data are shown as the dots with error bars, the green dashed lines are the backgrounds determined by the fit, and the blue curves are the
total fit results.
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is calculated. The data-MC differences weighted by the K!

momentum in the decays D! → K0
S;LK

!ðπ0Þ are assigned
as the associated systematic uncertainties.
The π0 reconstruction efficiency is studied by the DT

control sample D0 → K−πþ π0 versus D̄0 → Kþ π− or
D̄0 → Kþ π−π−πþ using the partial reconstruction tech-
nique. The data-MC difference of the π0 reconstruction
efficiencies weighted according to the π0 momentum
distribution in Dþ → K0

S;LK
þ π0 is assigned as the system-

atic uncertainty in π0 reconstruction.
The branching fractions of K0

S → πþ π− and π0 → γγ are
taken from the Particle Data Group [15]. Their uncertainties
are 0.07% and 0.03%, respectively, which are negligible in
these measurements.
As described in Ref. [17], the correction factors of K0

S;L
reconstruction efficiencies are determined with the two
control samples of J=ψ → K%ð892Þ∓K! withK%ð892Þ∓ →

K0
S;Lπ

∓ and J=ψ → ϕK0
S;LK

!π∓ decays. Since the effi-
ciency corrections are imposed in this analysis, the
corresponding statistical uncertainties of the correction
factors, which are weighted according to the K0

S;L momen-
tum in the decays D! → K0

S;LK
!ðπ0Þ, are assigned as the

uncertainty associated with the K0
S;L reconstruction

efficiency.
As described in Ref. [17], in the determination of the

correction factor of the K0
L efficiency, we perform a

kinematic fit to select the K0
L candidate with the minimal

χ2K0
L
and require χ2K0

L
< 100. The uncertainty of the correc-

tion factor associated with the χ2K0
L
cut is determined by

comparing the selection efficiency between data and MC
simulation using the same control samples. The χ2K0

L
require-

ment summarized in Table II brings an uncertainty. The
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FIG. 4. Projections on the variablesMsig
BC andMtag

BC of the two-dimensional fits to the signal candidate, summed over all six ST modes.
Data are shown as the dots with error bars, the green dashed lines are the backgrounds determined by the fit, and the blue curves are the
total fit results.
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Ds+	➝	π+π0η		based	on	the	4178	data
- Amplitude	analysis	based	on	DT-ed	1239	events	(purity:	97.7%).	
- W-annihilaAon		dominant.

Submibed	to	PRL	(arXiv:1903.04118)
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than 5σ are considered, where σ is the standard devi-
ation. In addition to the D+

s → ρ+η amplitude, both
D+

s → a0(980)+π0 and D+
s → a0(980)0π+ amplitudes

are found to be significant. However, the latter two am-
plitude phases are found to be approximately 90% cor-
related with one another; their fitted cn are found to
be consistent with each other while a difference in φn is
found to be close to π, which indicates there is no sig-
nificant a0(980)0− f0(980) mixing in D+

s → a0(980)0π+.
Consequently, in the nominal fit, we set the values of cn of
these two amplitudes to be equal with a phase difference
of π. We refer to the coherent sum of these two ampli-
tudes as “D+

s → a0(980)π”. The non-resonant process
D+

s → (π+π0)V η is also considered, where the subscript
V denotes a vector non-resonant state of the π+π0 com-
bination. We consider other possible amplitudes that in-
volve ρ(1450), a0(1450), π1(1400), a2(1320), or a2(1700),
as well as the non-resonant partners; none of these am-
plitudes has a statistical significance greater than 2σ, so
they are not included in the nominal model. In the fit,
the values of cn and φn for the D+

s → ρ+η amplitude are
fixed to be one and zero, respectively, so that all other
amplitudes are measured relative to this amplitude. The
masses and widths of the intermediate resonances used
in the fit, except for those of the a0(980), are taken from
Ref. [5].

For D+
s → ρ+η, D+

s → (π+π0)V η, and D+
s →

a0(980)π, the resulting statistical significances are
greater than 20σ, 5.7σ, and 16.2σ, respectively. Their
phases and fit fractions (FFs) are listed in Table I. Here
the FF for the nth intermediate process is defined as

FFn =
∫
|An|

2dΦ3∫
|M|2dΦ3

, where dΦ3 is the standard element

of the three-body phase space. The Dalitz plot of M2
π+η

versus M2
π0η for data is shown in Fig. 2(a). The projec-

tions of the fit on Mπ−π0 , Mπ+η and Mπ0η are shown
in Figs. 2(b-d). The projections on Mπ+η and Mπ0η

for events with Mπ+π0 > 1.0 GeV/c2 are shown in
Figs. 2(e,f), in which a0(980) peaks are observed. The fit
quality is determined by calculating the χ2 of the fit us-
ing an adaptive binning of the M2

π+η versus M2
π0η Dalitz

plot that requires each bin contains at least 10 events.
The goodness of fit is χ2/NDOF=82.8/77.

TABLE I. Significance, φn, and FFn for the intermediate pro-
cesses in the nominal fit. The first and second uncertainties
are statistical and systematic, respectively.

Amplitude φn (rad) FFn

D+
s → ρ+η 0.0 (fixed) 0.783 ± 0.050 ± 0.021

D+
s → (π+π0)V η 0.612 ± 0.172 ± 0.342 0.054 ± 0.021 ± 0.025

D+
s → a0(980)π 2.794 ± 0.087 ± 0.044 0.232 ± 0.023 ± 0.033

Systematic uncertainties for the amplitude analysis are
considered from five sources: (I) line-shape parameteri-
zations of the resonances, (II) fixed parameters in the
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FIG. 2. (a) Dalitz plot of M2
π+η versus M2

π0η for data, the
projections of the fit on (b) Mπ−π0 , (c) Mπ+η and (d) Mπ0η,
and the projections on (e) Mπ+η and (f) Mπ0η after requiring
Mπ+π0 > 1.0 GeV/c2. In (b-f), the dots with error bars
and the solid line are data and the total fit, respectively; the
dashed, dotted, and long-dashed lines are the contributions
from D+

s → ρ+η, D+
s → (π+π0)V η, and D+

s → a0(980)π,
respectively. The (red) hatched histograms are the simulated
background.

amplitudes, (III) the background level and distribution
in the Dalitz plot, (IV) experimental effects, and (V) the
fitter performance. We determine these systematic un-
certainties separately by taking the difference between
the values of φn, and FFn found by the altered and nom-
inal fits. The uncertainties related to the assumed res-
onance line-shape are estimated by using the following
alternatives: a Gounaris-Sakurai function [19] for the ρ+

propagator and a three-channel-coupled Flatté formula,
which adds the πη′ channel [17], for the a0(980) propa-
gator. Since varying the propagators results in different
normalization factors, the effect on all FFs is considered.
The uncertainties related to the fixed parameters in the
amplitudes are considered by varying the mass and width
of ρ+ by ±1σ [5], the mass and coupling constants of
a0(980) by the uncertainties reported in Ref. [17], and the
effect of varying the radii of the non-resonant state and
Ds meson within ±2 GeV−1. In addition, for the ρ+ res-
onance, the effective radius reported in Ref. [5] is used as
an alternative. The uncertainty related to the assumed
background level is determined by changing the back-
ground fraction within its statistical uncertainty. The
uncertainty related to the assumed background shape is

- Improved	precision: 
BF(Ds+	➝	π+π0η)	=	(9.50±0.28±0.41)%	

- First	measurement	(16.2σ	stat.	significance)! 
BF(Ds+	➝	a0(980)+(0)π0(+),	a0(980)+(0)➝	π+(0)η)	=	(1.46±0.15±0.23)%  
Very	large	BF,	compared	to	other	W-annihilaAon	decays	 
(e.g.,	Ds➝pn̄/ωπ	are	all	at	10-3	level).
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We present the first amplitude analysis of the decay D+
s → π+π0η. We use an e+e− collision data

sample corresponding to an integrated luminosity of 3.19 fb−1 collected with the BESIII detector
at a center-of-mass energy of 4.178 GeV. We observe for the first time the pure W -annihilation
decays D+

s → a0(980)
+π0 and D+

s → a0(980)
0π+. We measure the absolute branching fractions

B(D+
s → a0(980)

+(0)π0(+), a0(980)
+(0)

→ π+(0)η) = (1.46 ± 0.15stat. ± 0.23sys.)%, which is larger
than the branching fractions of other measured pure W -annihilation decays by at least one order
of magnitude. In addition, we measure the branching fraction of D+

s → π+π0η with significantly
improved precision.

PACS numbers: 13.25.Ft, 12.38.Qk, 14.40.Lb

The theoretical understanding of the weak decay of
charm mesons is challenging because the charm quark
mass is not heavy enough to describe exclusive processes
with a heavy-quark expansion. The W -annihilation
(WA) process may occur as a result of final-state-
interactions (FSI) and the WA amplitude may be com-
parable with the tree-external-emission amplitude [1–4].
However, the theoretical calculation of the WA amplitude
is currently difficult. Hence measurements of decays in-
volving a WA contribution provide the best method to
investigate this mechanism.

Among the measured decays involving WA contribu-
tions, two decays with V P mode, D+

s → ωπ+ and
D+

s → ρ0π+, only occur through WA, which we re-
fer to as ‘pure WA decay’. Here V and P denote vec-
tor and pseudoscalar mesons, respectively. The branch-
ing fractions (BFs) of these pure WA decays are at the
O(0.1%) [5]. These BF measurements allow the deter-
mination of two distinct WA amplitudes for V P mode.
In addition, they improve our understanding of SU(3)-
flavor symmetry and CP violation in the charm sector [4].
However, for SP mode, where S denotes a scalar meson,
there are neither experimental measurements nor theo-
retical calculations of the BFs.

Two decays with SP mode D+
s → a0(980)+π0 and

D+
s → a0(980)0π+ are pure WA decays if a0(980)0-

f0(980) mixing is ignored. Their decay diagrams are
shown in Fig. 1. In this Letter, we search for them with
an amplitude analysis of D+

s → π+π0η. We also present
improved measurements of the BFs of D+

s → π+π0η and
D+

s → ρ+η decays. Throughout this Letter, charge con-
jugation and a0(980) → πη are implied unless explicitly

c

s̄

W+
u

d̄

d̄
d

a0(980)
+(π+)

π0(a0(980)
0)

D+
s

c

s̄

W+
u

d̄

ū
u

π0(a0(980)
0)

a0(980)
+(π+)

D+
s

FIG. 1. D+
s → a0(980)

+(0)π0(+) decay topology diagrams,
where the gluon lines can be connected with the quark lines in
all possible cases and the contributions from FSI are included.

stated.

We use a data sample corresponding to an integrated
luminosity of 3.19 fb−1, taken at a center-of-mass en-
ergy of 4.178 GeV with the BESIII detector located at
Beijing Electron Position Collider [7]. The BESIII de-
tector and the upgraded multi-gap resistive plate cham-
bers used in the time-of-flight systems are described in
Refs. [6] and [8], respectively. We study the background
and determine tagging efficiencies with a generic Monte
Carlo (GMC) sample that is simulated with geant4 [9].
The GMC sample includes all known open-charm de-
cay processes, which are generated with conexc [10]
and evtgen [11], initial-state radiative decays to the
J/ψ or ψ(3686), and continuum processes. We deter-
mine signal efficiencies from Monte Carlo (MC) samples
of D+

s → π+π0η decays that are generated according to
the amplitude fit results to data reported in this Letter.

In the data sample, the Ds mesons are mainly pro-
duced via the process of e+e− → D∗−

s D+
s , D∗−

s →
γD−

s ; we refer to the γ directly produced from the
D∗−

s decay as γdirect. To exploit the dominance of
the e+e− → D∗−

s D+
s process, we use the double-tag

(DT) method [14]. The single-tag (ST) D−
s mesons
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than 5σ are considered, where σ is the standard devi-
ation. In addition to the D+

s → ρ+η amplitude, both
D+

s → a0(980)+π0 and D+
s → a0(980)0π+ amplitudes

are found to be significant. However, the latter two am-
plitude phases are found to be approximately 90% cor-
related with one another; their fitted cn are found to
be consistent with each other while a difference in φn is
found to be close to π, which indicates there is no sig-
nificant a0(980)0− f0(980) mixing in D+

s → a0(980)0π+.
Consequently, in the nominal fit, we set the values of cn of
these two amplitudes to be equal with a phase difference
of π. We refer to the coherent sum of these two ampli-
tudes as “D+

s → a0(980)π”. The non-resonant process
D+

s → (π+π0)V η is also considered, where the subscript
V denotes a vector non-resonant state of the π+π0 com-
bination. We consider other possible amplitudes that in-
volve ρ(1450), a0(1450), π1(1400), a2(1320), or a2(1700),
as well as the non-resonant partners; none of these am-
plitudes has a statistical significance greater than 2σ, so
they are not included in the nominal model. In the fit,
the values of cn and φn for the D+

s → ρ+η amplitude are
fixed to be one and zero, respectively, so that all other
amplitudes are measured relative to this amplitude. The
masses and widths of the intermediate resonances used
in the fit, except for those of the a0(980), are taken from
Ref. [5].

For D+
s → ρ+η, D+

s → (π+π0)V η, and D+
s →

a0(980)π, the resulting statistical significances are
greater than 20σ, 5.7σ, and 16.2σ, respectively. Their
phases and fit fractions (FFs) are listed in Table I. Here
the FF for the nth intermediate process is defined as

FFn =
∫
|An|

2dΦ3∫
|M|2dΦ3

, where dΦ3 is the standard element

of the three-body phase space. The Dalitz plot of M2
π+η

versus M2
π0η for data is shown in Fig. 2(a). The projec-

tions of the fit on Mπ−π0 , Mπ+η and Mπ0η are shown
in Figs. 2(b-d). The projections on Mπ+η and Mπ0η

for events with Mπ+π0 > 1.0 GeV/c2 are shown in
Figs. 2(e,f), in which a0(980) peaks are observed. The fit
quality is determined by calculating the χ2 of the fit us-
ing an adaptive binning of the M2

π+η versus M2
π0η Dalitz

plot that requires each bin contains at least 10 events.
The goodness of fit is χ2/NDOF=82.8/77.

TABLE I. Significance, φn, and FFn for the intermediate pro-
cesses in the nominal fit. The first and second uncertainties
are statistical and systematic, respectively.

Amplitude φn (rad) FFn

D+
s → ρ+η 0.0 (fixed) 0.783 ± 0.050 ± 0.021

D+
s → (π+π0)V η 0.612 ± 0.172 ± 0.342 0.054 ± 0.021 ± 0.025

D+
s → a0(980)π 2.794 ± 0.087 ± 0.044 0.232 ± 0.023 ± 0.033

Systematic uncertainties for the amplitude analysis are
considered from five sources: (I) line-shape parameteri-
zations of the resonances, (II) fixed parameters in the
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FIG. 2. (a) Dalitz plot of M2
π+η versus M2

π0η for data, the
projections of the fit on (b) Mπ−π0 , (c) Mπ+η and (d) Mπ0η,
and the projections on (e) Mπ+η and (f) Mπ0η after requiring
Mπ+π0 > 1.0 GeV/c2. In (b-f), the dots with error bars
and the solid line are data and the total fit, respectively; the
dashed, dotted, and long-dashed lines are the contributions
from D+

s → ρ+η, D+
s → (π+π0)V η, and D+

s → a0(980)π,
respectively. The (red) hatched histograms are the simulated
background.

amplitudes, (III) the background level and distribution
in the Dalitz plot, (IV) experimental effects, and (V) the
fitter performance. We determine these systematic un-
certainties separately by taking the difference between
the values of φn, and FFn found by the altered and nom-
inal fits. The uncertainties related to the assumed res-
onance line-shape are estimated by using the following
alternatives: a Gounaris-Sakurai function [19] for the ρ+

propagator and a three-channel-coupled Flatté formula,
which adds the πη′ channel [17], for the a0(980) propa-
gator. Since varying the propagators results in different
normalization factors, the effect on all FFs is considered.
The uncertainties related to the fixed parameters in the
amplitudes are considered by varying the mass and width
of ρ+ by ±1σ [5], the mass and coupling constants of
a0(980) by the uncertainties reported in Ref. [17], and the
effect of varying the radii of the non-resonant state and
Ds meson within ±2 GeV−1. In addition, for the ρ+ res-
onance, the effective radius reported in Ref. [5] is used as
an alternative. The uncertainty related to the assumed
background level is determined by changing the back-
ground fraction within its statistical uncertainty. The
uncertainty related to the assumed background shape is
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D0	➝	K-π+π0π0	based	on	the	3773	data

- Amplitude	analysis	based	on	DT-ed	5950	events	(purity:	98.9%).	
- One	of	the	largest	BF	in	the	neutral	D	decays. 
First	amplitude	analysis	on	this	decay	mode.

Published	in	PRD	99,	092008	(2019)
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FIG. 2. Projections of the data sample and the PWA signal MC sample on the (a)–(d) invariant masses squared and the (e)–(h) cosines
of helicity angles for the K−πþ, K−π0, πþπ0, and π0π0 systems. The (red) solid lines indicate the fit results, while the (black) dots with
error bars indicate data.
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determining the goodness of our unbinned likelihood fit
[22]. According to the method, we can calculate the “T”
value of the mixing of two samples, the expectation mean,
μT, and the variance, σ2T. From these values, we can
calculate a “pull,” ðT − μTÞ=σT, which should distribute
as a normal Gaussian function due to statistical fluctua-
tions. The pull is expected to center at zero if the two
samples come from the same parent PDF, and be biased
toward larger values otherwise. In the case of our PWA fit,
the pull is expected to be a little larger than zero because
some amplitudes with a small significance are dropped. In
other words, adding more amplitudes into the model is
expected to decrease the pull.

To check the goodness of fit of our PWA results, we
calculate the pull of the T value of the mixing of the data
sample and the PWA signal MC sample, and it is deter-
mined to be 0.97, which indicates good fit quality.

V. BRANCHING FRACTION

We determinate the BF of D0 → K−πþ π0π0 using the
efficiency based on the results of our amplitude analysis.

A. Tagging technique and branching fraction

To extract the absolute BF of the D0 → K−πþ π0π0

decay, we obtain the ST sample by reconstructing the

TABLE III. FFs, phases, and significances of the optimal set of amplitude modes. The first and second
uncertainties are statistical and systematic, respectively. The details of systematic uncertainties are discussed in
Sec. VI A.

Amplitude mode FF ½%% Phase ½ϕ% Significance [σ]

D → SS
D → ðK−πþ ÞS-waveðπ0π0ÞS 6.92 & 1.44 & 2.86 −0.75 & 0.15 & 0.47 >10
D → ðK−π0ÞS-waveðπþ π0ÞS 4.18 & 1.02 & 1.77 −2.90 & 0.19 & 0.47 6.0

D → AP; A → VP
D → K−a1ð1260Þþ ; ρþ π0½S% 28.36 & 2.50 & 3.53 0 (fixed) >10
D → K−a1ð1260Þþ ; ρþ π0½D% 0.68 & 0.29 & 0.30 −2.05 & 0.17 & 0.25 6.1
D → K1ð1270Þ−πþ ; K'−π0½S% 0.15 & 0.09 & 0.15 1.84 & 0.34 & 0.43 4.9
D → K1ð1270Þ0π0; K'0π0½S% 0.39 & 0.18 & 0.30 −1.55 & 0.20 & 0.26 4.8
D → K1ð1270Þ0π0; K'0π0½D% 0.11 & 0.11 & 0.11 −1.35 & 0.43 & 0.48 4.0
D → K1ð1270Þ0π0; K−ρþ ½S% 2.71 & 0.38 & 0.29 −2.07 & 0.09 & 0.20 >10
D → ðK'−π0ÞAπþ ; K'−π0½S% 1.85 & 0.62 & 1.11 1.93 & 0.10 & 0.15 7.8
D → ðK'0π0ÞAπ0; K'0π0½S% 3.13 & 0.45 & 0.58 0.44 & 0.12 & 0.21 >10
D → ðK'0π0ÞAπ0; K'0π0½D% 0.46 & 0.17 & 0.29 −1.84 & 0.26 & 0.42 5.9
D → ðρþ K−ÞAπ0; K−ρþ ½D% 0.75 & 0.40 & 0.60 0.64 & 0.36 & 0.53 5.1

D → AP; A → SP
D → ððK−πþ ÞS-waveπ0ÞAπ0 1.99 & 1.08 & 1.55 −0.02 & 0.25 & 0.53 7.0

D → VS
D → ðK−π0ÞS-waveρþ 14.63 & 1.70 & 2.41 −2.39 & 0.11 & 0.35 >10
D → K'−ðπþ π0ÞS 0.80 & 0.38 & 0.26 1.59 & 0.19 & 0.24 4.1
D → K'0ðπ0π0ÞS 0.12 & 0.12 & 0.12 1.45 & 0.48 & 0.51 4.1

D → VP; V → VP
D → ðK'−πþ ÞVπ0 2.25 & 0.43 & 0.45 0.52 & 0.12 & 0.17 >10

D → VV
D → K'−ρþ ½S% 5.15 & 0.75 & 1.28 1.24 & 0.11 & 0.23 >10
D → K'−ρþ ½P% 3.25 & 0.55 & 0.41 −2.89 & 0.10 & 0.18 >10
D → K'−ρþ ½D% 10.90 & 1.53 & 2.36 2.41 & 0.08 & 0.16 >10
D → ðK−π0ÞVρþ ½P% 0.36 & 0.19 & 0.27 −0.94 & 0.19 & 0.28 5.7
D → ðK−π0ÞVρþ ½D% 2.13 & 0.56 & 0.92 −1.93 & 0.22 & 0.25 >10
D → K'−ðπþ π0ÞV ½D% 1.66 & 0.52 & 0.61 −1.17 & 0.20 & 0.39 7.6
D → ðK−π0ÞVðπþ π0ÞV ½S% 5.17 & 1.91 & 1.82 −1.74 & 0.20 & 0.31 7.6

D → TS
D → ðK−πþ ÞS-waveðπ0π0ÞT 0.30 & 0.21 & 0.30 −2.93 & 0.31 & 0.82 5.8
D → ðK−π0ÞS-waveðπþ π0ÞT 0.14 & 0.12 & 0.10 2.23 & 0.38 & 0.65 4.0

TOTAL 98.54

AMPLITUDE ANALYSIS AND BRANCHING FRACTION … PHYS. REV. D 99, 092008 (2019)

092008-9

- Improved	precision: 
BF(D0	➝	K-π+π0π0)	=	(8.86±0.13±0.19)%  
led	by	D0	➝	K-a1(1260)+.
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D+	➝	KSπ+π+π-	based	on	the	3773	data
- Amplitude	analysis	based	on	DT-ed	4559	events	(purity:	97.5%).	
- Similar	decay	mode	in	the	charged	D	decay.

Submibed	to	PRD	(arXiv:1901.05936)

- Improved	precisions.	
- Consistent	with	the	previous	measurements.	
- Again,	led	by	D+	➝	KSa1(1260)+	  

(also	consistent	with	our	measurement	in	D0	➝	K-π+π+π-	:	PRD	95,	072010	(2017)).	
- But	D+	➝	Ko1(1400)0π+	is	found	to	be	larger,	unlike	what	we	saw	in	the	two	D0	cases.
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FIG. 3. The projections of (a) K0
Sπ

−, (b) K0
Sπ

+
1 , (c) K0

Sπ
+
2 , (d) π+

1 π
−, (e) π+

2 π
−, (f) K0

Sπ
+
1 π

−, (g) K0
Sπ

+
2 π

−, and (h) π+π+π−

invariant mass spectra, where the dots with error are data, and the curves are the fit projections. The small red (colors online)
histogram in each projection shows the D+

→ K0
SK

0
Sπ

+ peaking background. The dip around the K0
S peak comes from the

used requirement to suppress the D+
→ K0

SK
0
Sπ

+ peaking background. The identical pions are sorted with same method
mentioned in Sec. IVC. Figure (i) shows the fit (curve) to the distribution of χ (points with error bars) with a Gaussian
function and the fitted values of the parameters (mean and width of Gaussian).

lated BF in D+ decays is found to be greater than that in
D0 decay by one order of magnitude. These results pro-
vide criteria to further investigate the mixture between
these two axial-vector kaon states [1–3].
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VIII. APPENDIX A: AMPLITUDES TESTED

We list the amplitudes which are tested when search-
ing for the nominal fit model but not used in the final
result due to the low significance (< 5σ).
Amplitudes with excited states (m > 1.0 GeV/c2) involved
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TABLE VI. Mean and width of the pull distributions for phases and FFs with statistical uncertainties.

Amplitude and component
Phase FF

mean width mean width
D+

→ K0
Sa1(1260)

+(ρ0π+[S]) - - −0.13± 0.06 0.96± 0.04
D+

→ K0
Sa1(1260)

+(ρ0π+[D]) 0.01± 0.06 1.01± 0.04 0.06± 0.06 0.96± 0.04
D+

→ K0
Sa1(1260)

+(ρ0π+) - - −0.11± 0.06 0.97± 0.04
D+

→ K0
Sa1(1260)

+(f0(500)π
+) 0.05± 0.05 0.89± 0.04 0.06± 0.06 1.01± 0.04

D+
→ K̄1(1400)

0π+(K∗−π+[S]) −0.03± 0.05 0.92± 0.04 0.00± 0.06 1.03± 0.04
D+

→ K̄1(1400)
0π+(K∗−π+[D]) 0.14± 0.05 0.93± 0.04 0.05± 0.06 0.97± 0.04

D+
→ K̄1(1400)

0π+(K∗−π+) - - 0.02± 0.06 0.97± 0.04
D+

→ K̄1(1270)
0π+(K0

Sρ
0[S]) 0.11± 0.05 0.95± 0.04 −0.07± 0.05 0.95± 0.04

D+
→ K̄(1460)0(K∗−π+)π+

−0.02± 0.05 0.91± 0.04 0.05± 0.05 0.95± 0.04
D+

→ K̄(1460)0(K0
Sρ

0)π+ 0.13± 0.05 0.94± 0.04 0.03± 0.05 0.95± 0.04
D+

→ K̄1(1650)
0π+(K∗−π+[S]) 0.01± 0.05 0.93± 0.04 −0.02± 0.06 1.01± 0.04

D+
→ (K0

Sρ
0[S])Aπ

+ 0.00± 0.05 0.93± 0.04 −0.03± 0.05 0.89± 0.04
D+

→ (K0
Sρ

0[D])Aπ
+

−0.08± 0.06 1.06± 0.04 0.07± 0.06 1.06± 0.04
D+

→ (K0
Sρ

0)Aπ
+ - - 0.06± 0.05 0.93± 0.04

D+
→ (K0

S(π
+π−)S)Aπ

+ 0.00± 0.05 0.87± 0.04 −0.14± 0.05 0.92± 0.04
D+

→ ((K0
Sπ

+)S−waveπ
−)Pπ

+ 0.11± 0.06 0.97± 0.04 0.07± 0.05 0.93± 0.04
D+

→ K0
Sπ

+π+π− non-resonance - - −0.06± 0.05 0.95± 0.04

TABLE VII. The results of BFs for different components. The
first, second and third errors are statistical, systematical and
the uncertainty related to B(D+

→ K0
Sπ

+π+π−) [4], respec-
tively. The f0(500) and ρ0 resonances decay to π+π−, and
the K∗− resonance decays to K0

Sπ
−.

Component Branching fraction (%)
D+ → K0

Sa1(1260)
+(ρ0π+) 1.197 ± 0.062 ± 0.086 ± 0.044

D+ → K0
Sa1(1260)

+(f0(500)π+) 0.163 ± 0.021 ± 0.005 ± 0.006
D+ → K̄1(1400)0(K∗−π+)π+ 0.642 ± 0.036 ± 0.033 ± 0.024
D+ → K̄1(1270)0(K0

Sρ
0)π+ 0.071 ± 0.009 ± 0.021 ± 0.003

D+ → K̄(1460)0(K∗−π+)π+ 0.202 ± 0.018 ± 0.006 ± 0.007
D+ → K̄(1460)0(K0

Sρ
0)π+ 0.024 ± 0.006 ± 0.015 ± 0.009

D+ → K̄1(1650)0(K∗−π+)π+ 0.048 ± 0.012 ± 0.027 ± 0.002
D+ → K0

Sπ
+ρ0 0.190 ± 0.021 ± 0.089 ± 0.007

D+ → K0
Sπ

+π+π− 0.241 ± 0.018 ± 0.018 ± 0.009
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D0	➝	KSπ+π-	based	on	the	3773	data

- To	improve	the	measurement	of	the	least	known	CKM	angle,	φ3/γ

Preliminary	result

Directly Measuring 𝜙ଷ/𝛾 through B- → ෩𝐷0 K-

Color Suppressed

5/23/2016

B- → 𝐷0 K- B- → ഥ𝐷0 K-

Determine 𝜙ଷ through the measurement of 
the interference between b →c and b →u transitions 
when 𝐷0 and 𝐷0 both decay to the same final state f(D).

B-

𝐷0 K-

ഥ𝐷0 K-

f(D)K-

𝑉௖௕

𝑉௨௕

Dan Ambrose, University of Minnesota  
B2TiP Pittsburgh, Pennsylvania 4

Γ(𝐵ି → 𝑓(𝐷଴)𝐾ି) = 𝐴஻ଶ𝐴௙ଶ 𝑟஽ଶ + 𝑟஻ଶ + 2𝑟஽𝑟஻ cos 𝛿஻ + 𝛿஽ − 𝜙ଷTotal Decay Rate

𝐵ି → 𝐷଴𝐾ି

𝐵ି → 𝐷଴𝐾ି = 𝑟஻𝑒௜ ఋಳିథయ
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D0	➝	KSπ+π-

-φ3/γ	is	measured	at	B-factories.	
- They	need	the	strong-phase	difference	between	D	and	Do	  
to	extract	the	total	decay	rate	of	B	➝	D	K.	
- BESIII	can	provide	it	based	on	the	quantum-correlated	D0Do0-pair.  
(e+e-	➝	γ*	(➝	ψ(3770))	➝	D0Do0)

- Efficiency-corrected	yields	in	the	ith	Dalitz	bin	are;  
										(see	PRD82,	112006	(2010)	for	more	details)	

‣ ∝±ci	for	DT:	D	➝	CP(±)	states		vs		D	➝	KSπ+π-	

‣ ∝cicj	+	sisj	for	DT	(two	Dalitz):	D	➝	KSπ+π-		vs	D➝	KSπ+π-

𝜙ଷ fit through GGSZ method

5/23/2016

Due to both amplitude and having only charged tracks, Ksπ+π- is the preferred final state 
for this method.

Γ(𝐵± → 𝐷 𝐾௦𝜋ା𝜋ି 𝐾±)௜ = 𝑇௜ + 𝑟஻ଶ𝑇 ௜ + 2𝑟஻ 𝑇௜𝑇 ௜ cos 𝛿஻ ± 𝜙ଷ − Δ𝛿஽
= 𝑇௜ + 𝑟஻ଶ𝑇 ௜ + 2𝑟஻ 𝑇௜𝑇 ௜ 𝑐௜cos 𝛿஻ ± 𝜙ଷ +𝑠௜sin 𝛿஻ ± 𝜙ଷ

Binned decay rate:

Distribution sensitive to variables:
𝑇௜ : Bin yield measured in flavor decays
𝑟஻ : color suppression factor ~ 0.1
𝛿஻ : strong phase of B decay
𝑐௜, 𝑠௜ : weighted average of cos Δ𝛿஽

and sin Δ𝛿஽ respectively where Δ𝛿஽
is the difference between phase of 
𝐷0 and 𝐷0

𝑇௜ , 𝑟஻, 𝛿஻ are measured at B-Factories

𝑐௜ and 𝑠௜ can be found through Ksπ+π- Analysis at BESIII

Mirrored binning over x=y makes it so 𝑐௜ = 𝑐ି௜ and 𝑠௜ = −𝑠ି௜

Dan Ambrose, University of Minnesota  
B2TiP Pittsburgh, Pennsylvania
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𝐾ௌ଴𝜋ା𝜋ି Dalitz Plots vs CP Modes
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• Data is using the full 2.9 fb-1 𝜓 3770 dataset 
• Results presented here will be using Optimal Binning scheme.
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- Based	on	BESIII	2.93|-1	at	Ecm	=	3.773	GeV.	

- Only	staAsAcal	errors	are	shown.	

- Consistent	with	the	previous	CLEO	measurement.
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Table 5.3: �/�3 precisions in the LHCb [51] and Belle II [52] experiments along with the
timescales.

Runs Collected / Expected Year �/�3

integrated luminosity attained sensitivity
LHCb Run-1 [7, 8 TeV] 3 fb�1 2012 8�

LHCb Run-2 [13 TeV] 6 fb�1 2018 4�

Belle II Run 50 ab�1 2025 1.5�

LHCb upgrade I [14 TeV] 50 fb�1 2030 < 1�

LHCb upgrade II [14 TeV] 300 fb�1 (>)2035 < 0.4�

two experiments for each mode. To minimize the impact of the strong-phase measure-2976

ment uncertainties for these next generation experiments, a much larger  (3770) data
at BESIII, ideally corresponding to an integrated luminosity of 20 fb�1, is essential, as2978

BEPCII is the only machine working at the charm-threshold energy region. Furthermore,
determining these parameters with radiative return events to the  (3770) at Belle II will2980

not be achievable with suitable precision even with a data set of 50 ab�1. A 20 fb�1 of
 (3770) data would lead to an uncertainty of approximately 0.4� for the � measurement,2982

which will be necessary for the goals of LHCb upgrade I and Belle II. Moreover, this
improved precision will be essential to allow the even larger data of LHCb upgrade II [61]2984

to be fully exploited in improving further the knowledge of � and allowing detailed com-
parisons of the results obtained with di↵erent decay modes. A reasonable time frame for2986

taking the  (3770) data of 20 fb�1 would be by 2025, when Belle II will have completed
accumulation of its 50 ab�1 of data and LHCb upgrade I will be mid-way through its2988

period of operation.
A synergy between the BESIII, LHCb, and Belle II experiments is the best way to2990

accurately determine � in a manner that results in the uncertainty on � being statistically
rather than systematically limited. Table 5.4 lists the decay modes of interest that can2992

be measured at BESIII. Furthermore, for the multi-body D final states the phase-space
binning schemes that could be employed are mentioned; increasing the number of bins2994

improves the statistical sensitivity of the measurements as the amount of information loss
relative to an unbinned method is reduced. The modes are listed in their approximate or-2996

der of importance for LHCb measurements. For the Belle II experiment those modes with
neutrals are more important due to the larger neutral reconstruction e�ciency compared2998

to LHCb; LHCb will have an advantage for two- and four-body D decays containing only
prompt charged pions and kaons in the final state.3000

In addition, it is worth noting the ability of BESIII to e�ciently reconstruct D modes
containing a K

0

L meson in the final state and determine the relevant strong-phases. These3002

K
0

L modes provide additional tags (for example Ref. [62]) that increase the precision of
other strong-phase parameter measurements at the  (3770). Furthermore, it may be3004

possible to use K
0

L modes at Belle II to reconstruct B
+ ! DK

+ given the anticipated
improvements in K

0

L reconstruction. Evidence of this is given by the fact that the de-3006

termination of the UT angle � at the B factories benefited from included B
0 ! J/ K

0

L

decays in the measurement.3008

Another goal of the LHCb and Belle II experiments is to measure indirect CP violation

- Soon	to	be	submibed.	
- With	the	CLEO	result,	the	uncertainty	on	φ3/γ	is	found	to	be	~4°	for	LHCb. 
This	will	be	improved	to	~2.4°	with	this	BESIII	result.  
Currently	working	to	add	more	tags,	expect	further	reducAon	by	~×2.	
- This	would	be	sufficient	precision	unAl		the	era	of	Belle	II	and	LHCb	upgrades.
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Λc

!27

• 	The	lightest	charmed	baryons	  
		➞	most	of	the	charmed	baryons	  
								will	eventually	decay	into	Λc.  
							Important	to	know	the	decay			 
							properAes	of	Λc.	

•Also	important	input	to	Λb	Physics	
as	Λb	decays	dominantly	to	Λc.	

• 	Total	known	measured	BF	is	~	60%.

– 2–

decuplet, such as the decuplet that includes the ∆(1232). Fig-

ure 2(b) shows the 20 ′-plet whose bottom level is an SU(3)

octet, such as the octet that includes the nucleon. Figure 2(c)

shows the 4̄ multiplet, an inverted tetrahedron. One level up
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Fig. 1. (a) The known charmed baryons, and (b) the
lightest “4-star” strange baryons. Note that there are two
JP = 1/2+ Ξc states, and that the lightest Ωc does not
have J = 3/2. The JP = 1/2+ states, all tabbed with
a circle, belong to the SU(4) multiplet that includes the
nucleon; states with a circle with the same fill belong
to the same SU(3) multiplet within that SU(4) multiplet.
Similar remarks apply to the other states: same shape of
tab, same SU(4) multiplet; same fill of that shape, same
SU(3) multiplet. The JP = 1/2− and 3/2− states tabbed
with triangles complete two SU(4) 4̄ multiplets.
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Λc+	➝	Σ+	(η/η’)	based	on	the	4600	data

- CF	decays,	proceed	through	nonfactorizable	internal	W-mission/exchange.	
- Large	range	of	predicted	BFs.

Published	in	CPC	43,	083002	(2019)
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1 Introduction

Nonleptonic decays of charmed baryons o↵er ex-
cellent opportunities for testing di↵erent theoretical
approaches to describe the complicated dynamics of
heavy-light baryons, including the current algebra ap-
proach [1], the factorization scheme, the pole model
technique [2–4], the relativistic quark model [5, 6] and
the quark-diagram scheme [7]. Contrary to the sig-
nificant progress made in the studies of heavy meson
decays, the progress in both theoretical and exper-
imental studies of heavy baryon decays is relatively
sparse. The ⇤+

c was first observed at the Mark II
experiment in 1979 [8], but only about 60% of its de-
cays have been accounted for so far and the rest still
remain unknown [9].

The two-body Cabibbo-favored (CF) decay of the
⇤+

c to an octet baryon and a pseudoscalar meson,
⇤+

c !B( 1
2

+
)P , is one of the simplest hadronic chan-

nels to be treated theoretically [10], and measure-
ments of the branching fractions (BFs) can be used to
calibrate di↵erent theoretical approaches. Recently,
BESIII has studied twelve CF ⇤+

c decay modes,
among which the absolute BFs for B( 1

2

+
)P decays

⇤+
c ! pK0

S, ⇤⇡+, ⌃0⇡+ and ⌃+⇡0 are significantly
improved in precision [11]. However, other CF modes
are only known with poor precision, or even have not
been explored yet.
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Figure 1. Representative tree level diagrams of

decays of ⇤+
c !⌃+⌘ and ⇤+

c !⌃+⌘0.

The CF decays ⇤+
c ! ⌃+⌘ and ⌃+⌘0 proceed

entirely through nonfactorizable internal W -emission
and W -exchange diagrams, as shown in Fig. 1, and
are particularly interesting. Unlike the case for
charmed meson decays, these nonfactorizable decays
are free from color and helicity suppressions and are
quite sizable. Theoretical predictions on these non-
factorizable e↵ects are not reliable, however, result-
ing in very large variations of the predicted BFs,
e.g., B(⇤+

c ! ⌃+⌘) = (0.11� 0.94)%, and B(⇤+
c !

⌃+⌘0) = (0.1� 1.28)% [3–6]. On the experimental
side, only evidence for ⇤+

c ! ⌃+⌘ has been reported
by CLEO [12] with a BF of (0.70±0.23)%, and the
channel ⇤+

c !⌃+⌘0 is yet to be observed. Hence, fur-
ther experimental studies of these two decay modes

are essential for testing di↵erent theoretical models
and for a better understanding of the ⇤+

c CF decays.
In this work, BFs for ⇤+

c ! ⌃+⌘ and ⌃+⌘0 are
measured with respect to the CF modes ⇤+

c !⌃+⇡0

and ⌃+!, respectively, by analyzing 567 pb�1 [13]
data taken at

p
s = 4.6 GeV [14] with the BESIII

detector at the BEPCII collider. Throughout this
paper, charge-conjugate modes are always implied.

2 BESIII detector

The BESIII detector has a geometrical acceptance
of 93% of 4⇡ and consists of the following main com-
ponents: 1) a small-celled, helium-based main draft
chamber (MDC) with 43 layers. The average single
wire resolution is 135 µm, and the momentum resolu-
tion for 1 GeV/c charged particles in a 1 T magnetic
field is 0.5%; 2) a Time-Of-Flight system (TOF) for
particle identification composed of a barrel part made
of two layers with 88 pieces of 5 cm thick, 2.4 m long
plastic scintillator in each layer, and two end-caps
each with 96 fan-shaped, 5 cm thick, plastic scintilla-
tors. The time resolution is 80 ps in the barrel, and
110 ps in the endcaps, corresponding to a 2� K/⇡
separation for momenta up to about 1.0 GeV/c; 3)
an electromagnetic calorimeter (EMC) made of 6240
CsI (Tl) crystals arranged in a cylindrical shape (bar-
rel) plus two end-caps. For 1.0 GeV photons, the en-
ergy resolution is 2.5% in the barrel and 5% in the
end-caps, and the position resolution is 6 mm in the
barrel and 9 mm in the end-caps; 4) a muon cham-
ber system (MUC) made of Resistive Plate Chambers
(RPC) arranged in 9 layers in the barrel and 8 layers
in the endcaps and incorporated in the return iron
of the superconducting magnet. The position resolu-
tion is about 2 cm. More details about the design and
performance of the detector are given in Ref. [15].

3 Monte Carlo simulation

The geant4-based [16] Monte Carlo (MC) simu-
lations of e+e� annihilations are used to understand
the backgrounds and to estimate detection e�cien-
cies. The generator kkmc [17] is used to simulate
the e+e� annihilation incorporating the e↵ects of the
beam-energy spread and initial-state radiation (ISR).
The signal modes ⇤+

c ! ⌃+⌘(0) are simulated by
taking into account the decay pattern predicted in
Ref. [3], in particular the decay asymmetry parame-
ters are used in the simulation. The reference modes
⇤+

c !⌃+⇡0 and ⌃+! are simulated according to the
decay patterns observed in data [11]. To study back-
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Figure 3. Fits to the MBC distributions in data for ⇤+
c ! ⌃+⌘(a), ⇤+

c ! ⌃+⌘0(b),

⇤+
c ! ⌃+⇡0(c) and ⇤+

c ! ⌃+!(d). Points with error bars are data, solid lines are

the sum of the fit functions, dotted lines are signal shapes, long dashed lines are the

ARGUS functions.

5 Determination of Signal Yields

After the application of the above selection cri-
teria, the MBC distributions of the surviving events
are depicted in Figs. 3(a) and (b) for the signal de-
cay modes ⇤+

c ! ⌃+⌘ and ⌃+⌘0, respectively, and
Figs. 3(c) and (d) for the reference decay modes
⇤+

c !⌃+⇡0 and ⌃+!, respectively. To determine the
signal yields, we perform unbinned maximum likeli-
hood fits to the corresponding MBC distributions. In
the fit, the signal shapes are described with the MC-
simulated signal shapes convolved with a Gaussian
function that is used to compensate the resolution
di↵erence between data and MC simulations. For the
signal decay modes, due to the low statistics, the pa-
rameters of the Gaussian functions are constrained to
those values obtained by fitting theMBC distributions
of the corresponding reference decay modes.

The background shapes are modeled with an
ARGUS function [21], fixing the high-end cuto↵ at
Ebeam. The resulting fit curves are shown in Fig. 3,
and the signal yields are listed in Table 2. The relative
ratios of BFs between the signal modes and reference
modes are calculated with

Rac =
B(a)
B(c) =

Na"cB(⇡0 ! ��)

Nc"aB(⌘! ��)
, (1)

Rbd =
B(b)
B(d) =

Nb"dB(!!⇡+⇡�⇡0)B(⇡0 ! ��)

Nd"bB(⌘0 !⇡+⇡�⌘)B(⌘! ��)
, (2)

where the indices a, b, c and d represent the decay
modes ⇤+

c ! ⌃+⌘, ⌃+⌘0, ⌃+⇡0 and ⌃+!, respec-
tively. B(⇡0 ! ��), B(⌘ ! ��), B(⌘0 ! ⇡+⇡�⌘) and
B(!!⇡+⇡�⇡0) are the BFs for ⇡0, ⌘, ⌘0 and ! decays
quoted from PDG [9], Ni is the corresponding signal
yield and "i is the detection e�ciency estimated us-
ing MC simulations. The signal yields and detection
e�ciencies of the di↵erent decay modes are summa-
rized in Table 2. The resultant ratios are determined
to be Rac = 0.35±0.16 and Rbd = 0.86±0.34, where
the uncertainties are statistical only.

Table 2. Summary of the requirements on

�Q, signal yields (with statistical uncertain-

ties only) and detection e�ciencies for the four

decay modes.

Decay mode �Q (GeV) Ni "i (%)

(a) ⇤+
c !⌃+⌘ [�0.032, 0.022] 14.6±6.6 7.80

(b) ⇤+
c !⌃+⌘0 [�0.030, 0.020] 13.0±4.8 4.61

(c) ⇤+
c !⌃+⇡0 [�0.050, 0.030] 122.4±14.5 8.98

(d) ⇤+
c !⌃+! [�0.030, 0.020] 135.4±20.4 7.83

The statistical significance of the signals for ⇤+
c !

⌃+⌘ and ⌃+⌘0 are 2.5� and 3.2�, respectively, which
are determined by comparing the likelihood values of
the fit with and without the signal component and

010201-8

- Measured:	
‣BF(Λc+	➝	Σ+η)/BF(Λc+	➝	Σ+π0) 
=	0.35±0.16±0.03	(<0.58	@90	C.L.)	
‣BF(Λc+	➝	Σ+η’)/BF(Λc+	➝	Σ+ω) 
=	0.86±0.34±0.07	(<1.20	@90	C.L.)
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Table 4. Comparisons of the measured results with theoretical predictions (in unit of %).

Decay mode Körner [5] Sharma [3] Zenczykowski [4] Ivanov [6] CLEO [12] This work

⇤+
c !⌃+⌘ 0.16 0.57 0.94 0.11 0.70±0.23 0.41±0.20 (<0.68)

⇤+
c !⌃+⌘0 1.28 0.10 0.12 0.12 - 1.34±0.57 (<1.9)

shown in Table 4. The central value of B(⇤+
c !⌃+⌘)

presented in this work is smaller than that from
CLEO [12], while they are compatible within 1� of
uncertainty. The BF of ⇤+

c ! ⌃+⌘0 is measured
for the first time, which stands a discrepancy about
2� of uncertainty from the most of the theoretical
predictions, but in good agreement with the pre-
diction in Ref. [5]. Furthermore, it is worth not-
ing that the obtained B(⇤+

c ! ⌃+⌘0) is larger than

B(⇤+
c !⌃+⌘), the corresponding ratio is determined

to be B(⇤+
c !⌃+⌘0)

B(⇤+
c !⌃+⌘)

= 3.5±2.1±0.4, which contradicts

with the predictions in Refs. [3, 4]. However, the pre-
cision of the current results is still poor and further
constraints demand improved measurements.

The BESIII collaboration thanks the sta↵ of

BEPCII and the IHEP computing center for their

strong support.

References

1 T. Uppal, R.C. Verma, and M.P. Khana, Phys. Rev. D 49,
3417 (1994).

2 Q. P. Xu and A.N. Kamal, Phys. Rev. D 46, 270 (1992).
3 K. K. Sharma and R.C. Verma, Eur. Phys. J. C 7, 217

(1999).
4 P. Zenczykowski, Phys. Rev. D 50, 5787, (1994).
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Λc+	➝	Λ	+	X

- Double	tag	method:	Tagged	with	two	modes;	pKπ	and	pKS.	
- Extract	yields	from	2D	distribuAons	in	bins	of	ppπ	and	|cosθ|,	  

where	θ	is	the	polar	angle	w.r.t.	the	beam	pipe.

- BF(Λc+	➝	Λ	+	X)	=	(38.2+2.8-2.2±0.8	)%	
- Also,	looked	for; 

 
 

- ACP	=	(+2.1+7.0-6.6±1.4)%	.

To study the CP violation in Λ஼ decay, we obtain the BF’s of Λ஼ା → Λ ൅ ܺ and Λ஼
ି
→ Λ ൅ ܺ separately. 

The CP asymmetry is defined as:

CP violation in Λ஼ decay

The tag yields are: The CP asymmetry: 

Thanks for your attention ! 5
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FIG. 1. Fits to the MBC distributions of the candidate events
for (a) Λ̄−

c → pK0
S and (b) Λ̄−

c → pK+π− in data. The thick
dots stand for the data. The solid curves denote the total fits,
while the dotted lines represent the background. The arrows
show the signal regions. The description of the fits is given in
the text.
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FIG. 2. Scatter plot of MBC versus Mpπ− of the DT candi-
dates in data. The box labeled S stands for the signal region,
while boxes A, B, C, D, and E denote the sideband regions.

tracks on the recoiling side of the tagged Λ̄−
c . The signal

yield is determined from the distribution of MBC versus
the invariant mass of pπ− system Mpπ− by

N sig = NS −
NA +NB

2
− f · (ND −

NC +NE

2
), (5)

where NS, NA, NB, NC, ND and NE represent the num-
bers of events observed in the regions of S, A, B, C, D and
E, as shown in Fig. 2. Here the backgrounds due to mis-
reconstruction of Λ are assumed to be flat in the Mpπ−

distribution, which can be estimated from the events in
regions A and B. While the peaking backgrounds in the
Mpπ− distribution, which are from non-Λ+

c decays with
Λ correctly reconstructed, can be estimated using the
sideband region of MBC, namely the regions C, D and
E. f is the ratio of background area of the signal region
over that of the sideband region in the MBC distribution,
which is evaluated to be 0.58 ± 0.06 from the fit to the
combined MBC distribution of data for the two tagging
modes. We divide the data into 5 × 4 two-dimensional
(p, |cosθ|) intervals of Λ and obtain the net signal yield
in each kinematic interval following Eq. (5), as listed in
Table II.

TABLE II. Signal yield and detection efficiency of the inclu-
sive Λ in each (p, |cosθ|) interval. The uncertainties here are
statistical only.

Nsig
−,j

p (GeV/c) |cosθ|
[ 0.00, 0.20) [ 0.20, 0.40) [ 0.40, 0.65) [ 0.65, 1.00)

[ 0.0, 0.3) 5.3+5.1
−3.8

11.4+5.5
−4.2

9.1+5.5
−4.2

6.3+5.4
−4.0

[ 0.3, 0.5) 59.8+9.9
−8.6

41.6+8.9
−7.7

71.9+10.7
−9.5

33.1+8.7
−7.4

[ 0.5, 0.7) 86.7+10.9
−9.7

72.5+10.0
−8.8

74.8+10.1
−9.0

53.9+9.1
−7.9

[ 0.7, 0.9) 40.4+7.8
−6.6

28.3+6.8
−5.6

44.0+8.1
−6.9

38.4+7.9
−6.7

[ 0.9, 1.1) 6.9+4.3
−3.0

12.4+5.0
−3.7

8.3+4.2
−2.9

5.5+3.9
−2.6

εsigj (%)
p (GeV/c) |cosθ|

[ 0.00, 0.20) [ 0.20, 0.40) [ 0.40, 0.65) [ 0.65, 1.00)
[ 0.0, 0.3) 8.28 ± 0.38 8.22 ± 0.37 8.01 ± 0.31 4.45 ± 0.21
[ 0.3, 0.5) 29.03 ± 0.37 28.28 ± 0.37 26.56 ± 0.33 14.98 ± 0.21
[ 0.5, 0.7) 35.43 ± 0.32 35.00 ± 0.33 33.25 ± 0.32 20.15 ± 0.25
[ 0.7, 0.9) 39.68 ± 0.47 39.27 ± 0.50 36.56 ± 0.50 23.80 ± 0.51
[ 0.9, 1.1) 40.82 ± 0.14 40.21 ± 0.14 37.76 ± 0.12 29.97 ± 0.11

The efficiencies for detecting a Λ candidate are esti-
mated from the control samples J/ψ → ΛΛ and J/ψ →
pK+Λ, which are selected from a J/ψ on-peak data sam-
ple consisting of (1310.6 ± 7.0) × 106 J/ψ decays [32].
In each kinematic interval, the data-driven efficiency is
calculated based on a “tag-and-probe” technique. For
J/ψ → ΛΛ, a Λ is tagged in an event, while for J/ψ →
pK+Λ, two charged tracks identified as a proton and a
kaon are selected. The missing Λ is identified by lim-
iting the missing mass within [1.067, 1.155] GeV/c2 for
J/ψ → ΛΛ and [1.093, 1.139] GeV/c2 for J/ψ → pK+Λ.
In the tagged event, we search for a Λ among the remain-
ing tracks and take the detection rate as the efficiency.
We partition the control samples into (p, |cosθ|) inter-
vals, and then determine the efficiency in each interval,
as listed in Table II. For these efficiencies, the BF of the
intermediate process Λ → pπ− has been included, and
the uncertainties are statistical only. Inserting the num-
bers of N tag

i from Table I, and the numbers of N sig
−,j and

εsigj from Table II into Eq. (4), we determine the BF of

Λ+
c → Λ+X to be B(Λ+

c → Λ+X) = (38.2+2.8
−2.3)%. The

reliability of the analysis method used in this work has
been validated by analyzing the inclusive MC sample.

The CP asymmetry of the decay Λ+
c → Λ +X is ob-

tained by comparing the separate BFs of the charge con-
jugate decays, which are B(Λ+

c → Λ+X) = (39.4+4.7
−3.4)%

and B(Λ̄−
c → Λ̄ + X) = (37.8+3.8

−2.9)%. The yields and
efficiencies of Λ+

c → Λ + X and Λ̄−
c → Λ̄ + X can be

found in the supplemental material [33]. The CP asym-
metry is determined to be ACP = (2.1+7.0

−6.6)%, where the
uncertainty is statistical only.

In the BF measurement with the DT method, sys-
tematic uncertainties from the tag side mostly cancel.
Other non-canceling systematic uncertainties, which are
estimated relative to the measured BF, are discussed
below. The limited statistics of the Λ control samples
bring uncertainty to the Λ efficiency, which is estimated
by a weighted root-mean-square (RMS) of the statisti-
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Mapping	out	Λc+	decays

- Fig	1.	from	Gronau/Rosner/Wohl	 
(PRD	98,	073003	(2018)).	

- BFs	represented	by	areas	of	boxes	 
(no	errors	are	shown).	

- Shaded	areas	=	not	observed,	yet, 
but	expected	by	stat.	isospin	model 
(PRD	97,	116015	(2018)).

statistical isospin model [2]. The figures show only central
values; errors are quoted in the tables.
Some qualifying remarks are in order. The pK−πþ decay

mode, frequently used to normalize others, is not firmly

pinned down yet, with an S-value of 1.4 [1]. The statistical
isospin model is poorly obeyed for the NK̄π and Σ3π
modes but well obeyed for the Σ2π modes [2], possibly
indicating the need to take into account the resonant
substructure. Nevertheless, one can draw some general
conclusions.
(1) We see a shortfall of about 10% in accounting for

all Λc decays. This could be filled in part by
semileptonic decays to excited final states, but a
measurement BðΛc→ΛeþνeþXÞ¼ð3.95% 0.34%
0.09Þ% by the BESIII Collaboration [12] limits this
possibility.

(2) The Cabibbo-suppressed (CS) modes are not as well
represented as the Cabibbo-favored (CF) ones,
though the anticipated totals are not far from the
expected ratio jVcd=Vcsj2, where Vij are elements of
the Cabibbo-Kobayashi-Maskawa matrix.

(3) Modes involving neutrons, η, and η0 are under-
represented.

(4) There is sufficient phase space to accommodate
higher-multiplicity modes, such as Σ4π and N5π,
but no evidence for them has been presented so far.

TABLE II. Branching fractions of CS Λc decays, in percent.

Mode Value (%) Source

pπ0 0.008 Theory [10]
nπþ 0.027 Theory [10]
pη 0.124 % 0.030 [1]
pπþπ− 0.42 % 0.04 [1]
Other Nππ 0.84 % 0.08 [2]a

N3π 1.22 % 0.30 [2]b

p2πþ2π− 0.22 % 0.14 [1]
Other N4π 0.88 % 0.56 [2]a

pKþK− 0.10 % 0.04 [1]
Other NKþK− 0.20 % 0.08 [2]a

ΛKþ 0.06 % 0.012 [1]
Σ0Kþ 0.051 % 0.008 [1]
ΣþK0 0.051 % 0.008 [2]a

ΣþKþπ− 0.21 % 0.06 [1]
Other ΣKπ 0.84 % 0.24 [2]a

neþνe 0.41 % 0.03 Lattice QCD [11]
nμþνμ 0.40 % 0.03 Lattice QCD [11]
Total 6.06 % 0.84

aTotal estimated assuming equal branching fractions for each
charge state.

bBranching ratio to pπþπ0π− taken as ð0.304 % 0.076Þ%
(geometric mean of pπþπ− and p2πþ2π− modes) multiplied
by 4 for the total number of charge states.

FIG. 1. Branching fractions of Λc decays. Left: Cabibbo-
favored (CF), governed by weak transition c → sW&. Right:
Cabibbo-suppressed (CS), governed by weak transition
c → dW&.

TABLE I. (Continued)

Mode Value (%) Source

Σþω 1.69 % 0.21 [1]
ΛKþK̄0 0.56 % 0.11 [1]
ΣþKþK− 0.34 % 0.04 [1]
Other ΣKK̄ 0.68 % 0.34 [2]b,c

Ξ0Kþ 0.55 % 0.07 [1,7]f

Ξ−Kþπþ 0.62 % 0.06 [1]
Other ΞKπ 1.24 % 0.12 [2]b,c,d

Λeþνe 3.63 % 0.43 [8]
Λμþνμ 3.49 % 0.53 [9]
Total 83.17 % 4.92

aBranching fractions for modes with K̄0 are obtained by
doubling those quoted for KS.bIsospin statistical model [2].

cSubtraction of known modes from estimated total.
dTotal estimated assuming equal branching fractions for each

charge state.
eΣþω quoted separately.
fPDG value averaged with new value from [7].

GRONAU, ROSNER, and WOHL PHYS. REV. D 98, 073003 (2018)

073003-2

- SUM	~	90±5%.	
- What	are	the	remaining?	
‣	should	confirm	those	shaded	ones.	
‣	should	improve	accuracies	on	those	
CS	modes.	
‣	BESIII	will	take	more	data	  
	at	Ecm	=	4.6	GeV	in	the	near	future!
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Summary
- Our	results	include	new	measurement,  
have	confirmed	and	improved	the	precisions	over	the	previous	results.	

- More	measurements	in	D(s)	hadronic	decays	are	coming.	

- Planning	to	take	more	data  
at/near	Ecm	~	4.6	GeV	as	well	as	Ecm	=	3.773	GeV	soon,	  
which	will	allow	us	to	even	improve	further	precisions	and	rare/

forbidden	searches	in	D(s)/Λc	decays.  

- Other	recent	results	not	menAoned	in	in	this	report:	
‣	PRD	97,	052005	(2018)	:	SCD	:	D0	➝	ωη,	η(’)π0,	and	η(’)η.		

‣ 	PRD	97,	072004	(2018)	:	D	➝	PP.	

‣ 	PRD	98,	092009	(2018)	:	D0(+)	➝	KSπ0(+)η’	and	D0	➝	K-π+η’.	

‣ 	PLB	783,	200							(2018)	:	Λc+	➝	Ξ0K+	and	Ξ(1530)0K+.	

‣ 	PRD	99,	032010	(2019)	:	Λc+	➝	Ληπ+	and	Σ(1385)+η.	

‣ 	Submibed	to	PRD-RC	(arXiv:1905.04707)	:	Weak	decay	asymmetric	of	Λc+	➝	pKS,	Λπ+,	Σ+π0,	and	Σ0π+.


